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Abstract 
 
Dye-sensitised solar cells hold much promise of becoming one of the top candidates 
for third generation photovoltaics. Most of the commercial dyes are based on the rare 
and expensive ruthenium metal. This paves the way for exploring inexpensive 
alternative light absorbers such as semiconductor quantum dots taking sensitised solar 
cells research to the next step. The study of semiconductor quantum dots is regarded 
as an emerging area in photovoltaics and new device architectures have been 
developed for realisation of quantum dot-based solar cells. The semiconductor 
nanoparticles offer a number of advantages over conventional dyes such as tunability 
of the material bandgap by varying the dot size, higher extinction coefficients and low 
cost synthesis techniques. Amongst the more commonly investigated compound 
semiconductors, CdS and CdSe have been identified as the choice of materials for this 
research. This thesis presents the experimental study of CdS and CdSe quantum dot 
properties prepared by successive ionic layer adsorption and reaction (SILAR) method 
and CdSe/CdS-sensitised solar cells for achieving high efficiency.  
The first part of this thesis incudes experimental results, analysis and discussion on CdS 
and CdSe synthesis and properties to shed light on quantum confinement, growth 
mechanism, photodegradation and passivation of these nanoparticles. The CdS particle 
sizes produced by SILAR method were between 2.7 – 4.7 nm which exhibited the size 
dependent bandgap (varying between 2.65 – 2.44 eV) confirming quantum 
confinement in these nanoparticles. A similar but stronger quantum confinement was 
observed for the 3.3 – 4.6 nm sized CdSe nanoparticles where the bandgap varied 
between 2.02 – 1.78 eV. Within the mentioned particle size ranges, for every 
nanometre decrease in particle size, the bandgap for CdSe nanoparticles increased by 
0.184 eV which was more pronounced compared to the 0.105 eV increase in the case 
of CdS nanoparticles. The CdS particle growth was observed to proceed in a three-step 
process where initial 1 – 3 deposition cycles contributed to the particle formation 
though creation of new adsorption centres. The 3 – 7 SILAR cycle depositions 
contributed to the growth of the loaded dots as well as well as formation of new 
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particles apparent by the increase in the surface coverage (6 – 20%). The SILAR 
depositions beyond 7 cycles show saturation of surface coverage and the loaded dots 
show saturation in UV-light absorption beyond 9 cycle depositions having diminishing 
quantum confinement and approaching bulk CdS behaviour for 11 cycles. 
Photodegradation studies revealed that the CdS quantum dots exhibited size 
dependent photodegradation under atmospheric conditions where the surface sulfides 
transform to surface sulfates. Theoretical calculations have shown that the smaller 
particles have higher surface sulfide content leading to faster photodegradation. ZnS 
shells fabricated by 4 SILAR cycle depositions on the CdS quantum dots were found to 
prevent the photodegradation almost entirely. 
The second part of this thesis focuses on studying CdSe/CdS-sensitised solar cells by 
optimising the device components (working electrode, polysulfide electrolyte 
composition and Cu2S/brass counter electrode) and implementing anode treatments 
(TiCl4 treatment and blocking TiO2 layer) for high performance. ZnSe shells were 
deposited on the CdSe/CdS-sensitised photoanodes via SILAR as an alternative to the 
conventionally used ZnS shells. CdSe/CdS-sensitised solar cells were realised having a 
maximum efficiency of 4.17% (VOC = 0.586 V, JSC = 17.24 mAcm-2 and FF = 0.42) by using 
2 SILAR cycle depositions of ZnSe shells. It was concluded that thicker shells 
contributed to better light absorption and electron-hole pair separation along with 
higher electron lifetimes leading to improvement of solar cell efficiency.  
Additional experimental work was done on ZnO-based dye-sensitised solar cells and 
have been included in the Appendix D of this thesis. Two unique ZnO structures, 
namely nanocones and nanorods were used in this study. As a starting point three 
dyes (C218, D205 and N719) were used as sensitisers to assess the device performance 
implementing the two ZnO nanostructures. C218-sensitised solar cells exhibited 
maximum cell efficiency of 5.07% for the nanocone structure. The nanorod films were 
found to have Zn-terminated dominant (101̅0) facets which react with the dyes to form 
complexes leaving a lower percentage of “effective dyes” in the nanorod system. On 
the other hand, ZnO nanocone structures exhibited higher electron lifetimes compared 
to nanorods and had O-terminated dominant (101̅1) facets which prevented the 
formation of Zn2+-dye complexes leading to better device performance.  
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Ω 
ε Molar extinction coefficient M-1cm-1 
ϵ Permittivity of material  
ϵo Permittivity of free space C2J-1m-1 
η Efficiency of a solar cell % 
ηC Efficiency of electron collection at counter 
electrode 
% 
λ Wavelength of light nm 
λcutoff Cutoff wavelength for absorbance spectra nm 
τn Electron lifetime s 
ϕB Schottky barrier in a metal-semiconductor 
junction 
eV 
ϕinj Efficiency of charge injection in dye-sensitised 
solar cells 
% 
ϕm Work function of metal eV 
χ Electron affinity in semiconductor  
ω Angular frequency of light rads-1 
ћ Reduced Plank’s constant Js 
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Introduction 
 
1.1 Development of solar photovoltaics 
The total solar power irradiating the earth’s surface is estimated to be around 120,000 
terawatts (TW) [1]. The solar energy is distributed broadly in the electromagnetic (EM) 
spectrum covering UV, visible and infrared (IR) regions. The conversion of this EM 
energy to other useful forms (mainly electrical, thermal or chemical) helps us to utilise 
this abundant solar resource to our advantage. Solar photovoltaic (PV), solar thermal 
and thermo-photovoltaic (TPV) converters are designed precisely with the aim of 
fulfilling our everyday energy needs. Amongst the solar energy converters, solar 
photovoltaics have seen significant development in terrestrial applications over the 
past few decades owing to increasing oil prices, global awareness of climate change, 
reducing carbon footprint and the goal of making electricity affordable to every 
household. Reports have shown that by harvesting only 0.1% of earth’s landscape with 
10% efficient solar panels, the present global energy needs could be met [2]. This has 
led the way for the development of silicon-based first generation and thin film solar 
cells since the early 80s. Both these classes of solar cells are based on solid-state 
semiconductor technologies fabricated by sophisticated techniques requiring high 
pressure and temperature conditions. Achieving high energy conversion efficiencies, 
low cost manufacturing aimed for mass production and improving energy storage 
facilities are presently the key solar cell research priorities. By combining the 
knowledge from the first two classes of solar cells, the blueprint for third generation 
photovoltaic devices have been sketched to produce devices that can push the 
conversion efficiencies beyond the theoretical Shockley-Queisser limit of 33% while 
maintaining a low production cost in order to remain competitive amongst other fossil 
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fuel and renewable energy based electricity generators. Figure 1.1 illustrates the three 
generations of PV technologies [3-5] and some of the highest conversion efficiencies 
achieved for each one.  
 
Figure 1.1: Overview of the different solar cell technologies. 
Sensitised solar cells using dyes or semiconductors as light absorbers belong to the 
third generation photovoltaics owing to inexpensive substrate preparation, solution-
processed dye deposition and device fabrication methods which can be carried out in 
room temperature without the need of any high energy consuming and high pressure 
reaction chamber. The dye-sensitised solar cells (DSCs) also perform very well in sunny 
as well as cloudy days. However, the device efficiencies are comparatively low (~11 – 
13%) and research on these sensitised solar cells need to be carried out by exploring 
promising strategies that can improve the device performance and add new and 
beneficial knowledge to the sciences of solar cells in general. The following sections of 
this chapter will briefly discuss the different solar cell technologies, motivation to work 
on sensitised cells, solar cell performance parameters, scopes for improving these 
devices and focus of this research. 
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1.2 First generation solar cells 
Despite the first photoelectric experiments dating back to 1839 [2], it was not until 
1954 when the first PV device made of silicon was realised at Bell laboratories [6] 
based on the p-n junction structure. The first generation of solar cell research was built 
around silicon because of its availability and use in the then emerging semiconductor 
industry [7]. Intrinsic semiconductors, such as Si are be doped with either donor (Nd) or 
acceptor (Na) impurity atoms to create n-type and p-type extrinsic semiconductors, 
respectively. The carrier (electron or hole) concentration and consequently the 
material conductivity is controlled by varying the density of impurity atoms [8]. Heavy 
semiconductor doping is undesired since it causes a narrowing of the bandgap due to 
impurity sub-bands and is likely to increase defect states resulting in higher 
recombination [5]. The p-n junction structure operates as a diode in the 1st or 3rd I-V 
quadrant under light and applied voltage (forward or reverse) bias (Fig. 1.2a). 
However, if the voltage bias is removed, under light bias conditions the p-n junction 
starts to deliver power to the external circuit where the operating point shifts to the 
4th quadrant in the I-V curve as illustrated in Fig. 1.2b. 
 
Figure 1.2: A p-n junction device operating as (a) diode in the 1st and 3rd I-V quadrant 
under light and voltage bias, E and (b) a PV cell in the 4th I-V quadrant only under light 
bias [9]. 
(a) Diode (b) PV 
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A space charge region (SCR) is formed at the interface of the two junctions which has a 
built-in electric field. Under the influence of this electric field, the electron-hole pairs 
(EHPs) “drift” in opposing directions inside the SCR. Outside the SCR, the charge 
carriers “diffuse” towards the device terminals due to varying charge concentration 
gradient in the extrinsic layers. The device generates photocurrent through a 
combination of these drift and diffusion currents. The light is typically incident from n-
side of the Si solar cells which is labelled as “emitter” having a typical thickness of 
around 0.3 µm. The p-type Si layer is referred as the “base” and functions as the main 
absorber. Typical base thickness is around 300 – 500 µm [8] for optimum light 
absorption. Usually thicker cells can absorb more light and produce higher device 
photocurrents. The highest efficiencies achieved with monocrystalline (c-Si) and multi-
crystalline (mc-Si) silicon solar cells are 25% and 20.4%, respectively [10].  
The detailed balanced limit for single junction solar cells has been calculated by 
Shockley and Queisser [11] showing dependence of maximum theoretical efficiency to 
the bandgap of material. There is an optimum bandgap for which a maximum 
theoretical efficiency can be achieved under a fixed spectrum. For terrestrial 
application under the AM 1.5G spectrum (Appendix A), the maximum theoretical 
efficiency of single junction has been determined to be 33% utilising a material having 
1.4 eV bandgap [8]. Si (crystalline) has an indirect bandgap of 1.11 eV [9, 12] which 
inspired PV researchers to look for better absorbers having bandgaps closer to the 
ideal 1.4 eV. Amongst the group III-V compound semiconductors GaAs has an optimum 
direct bandgap of 1.43 eV. Highly efficient (~28 – 33%) PV cells have been realised 
using GaAs as absorber [10, 13]. However, pure GaAs is highly expensive and the 
fabrication of GaAs solar cells requires rare Ge as substrates for matching lattice 
constants. This significantly raises the cost of GaAs solar cells leaving Si solar cells as 
the top candidate amongst first generation solar cells.  
1.3 Thin film photovoltaics 
The second generation PV devices are popularly known as “thin film solar cells” which 
has similar working principle as those of the first generation but using absorbers 
having higher absorption coefficients aimed for mass production. Due to stronger light 
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absorption, thinner absorber layer is required to produce photocurrents similar to that 
of first generation solar cells. Most commonly used thin film materials are Cu(InGa)Se2 
also known as CIGS, CdTe and amorphous silicon (a-Si). The absorber layers for CdTe 
and CIGS are typically 10 µm and 2.5 µm thick, respectively [14, 15]. Table 1.1 includes 
an overview of the successful implementation of these materials in PV devices. 
Table 1.1: Summary of material bandgaps, deposition process and performance of thin 
film solar cells [5, 10]. 
Materials Bandgap (eV) Deposition process Best efficiency (%) 
CIGS 1.12 Vacuum evaporation 20.4 
CdTe 1.58 Vacuum deposition 18.3 
a-Si 1.75 PECVD 10.1 
The deposition processes for thin films requires high temperatures (550 – 600°C) and 
high vacuum conditions which raises the production and processing costs. Thin film 
photovoltaics presently have the second largest PV market share of around 10 – 15% 
after Si solar cells (~85 – 90%).  
1.4 Third generation photovoltaics 
The concept of third generation photovoltaics was developed with the aim of 
producing high efficiency solar cell with cheapest possible production cost.  
 
Figure 1.3: Efficiency vs. cost curve classifying solar cells into three generations [16].  
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The abundance, availability, processing of raw materials and fabrication cost of devices 
or panels are some of the influential factors influencing end product cost. Secondary 
chemical treatments and incorporation of efficiency enhancing techniques are 
determined by the cost of implementation vs. increase in energy yield. Tandem cells, 
DSCs, organic solar cells belong to this class. However, the tandem solar cells which 
benefits from higher photovoltages and utilisation of a broader part of the incident 
spectrum, are complex structures and costly to manufacture owing to the highly 
controlled epitaxial growth of absorber layers and fine tuning of atomic ratio to 
achieve selective spectral response. Solution-processed photovoltaic devices like dye-
sensitised solar cells (DSCs), CIGS, CZTS and organic solar cells offers alternative route 
to the realisation of low cost manufacturing. DSCs have long been hailed by 
researchers as one of the top contenders for next generation photovoltaics. Presently 
the highest recorded efficiency for DSCs stands at 13% reported by researchers at EPFL 
[17] and new research directions are being explored to push DSC efficiencies beyond 
20%. 
1.5 Motivation to work on sensitised solar cells 
Presently solar cell technologies are regarded viable for commercial production after 
the power conversion efficiency of the PV technology reaches 20% [18]. The first 
promising paper on dye-sensitised solar cells (DSCs) was published in 1991 by O’Regan 
and Gratzel [19] having 7 – 8% efficiency. Within two years, a 10% efficient n-type DSC 
was reported using a Ru-based dye [20]. A monolayer of dye molecules of nanoscale 
dimensions is required as light absorbers/sensitisers in the DSCs. This significantly 
reduces material requirement as compared to first and second generation solar cells 
which has micrometre thick absorbers. Unlike solid-state Si and thin film devices, DSCs 
are two electrode photo-electrochemical cells (PECs) which also operates as light 
dependent current sources. These cells tend to perform efficiently in both direct and 
diffuse light conditions and has been reported to have excellent recovery of 
photocurrent after removal of heat stress [21].  
The major advantage for DSCs arises from their low cost fabrication which does not 
require high energy consumption. Most efficient solid-state PV devices are commonly 
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fabricated using deposition methods requiring vacuum conditions at high 
temperatures to achieve desired doping levels, absorber growth and uniformity. In 
case of DSCs, the wideband semiconductor film substrate for working electrode (WE) 
can be prepared by simple screen printing or doctor blading techniques. This is 
followed by deposition of sensitisers (dyes) achieved through inexpensive wet 
chemistry techniques carried out at room temperature. Doping of the counter 
electrode (CE) substrate by platinum is done by drop casting, electrodeposition or spin 
coating. Finally, the two electrodes are sealed on a hot plate using surlyn films within 
minutes. The dye solutions can be reused for later depositions and the device 
photocurrents are amazingly high considering such low concentration of sensitisers. 
Fig. 1.4 gives an overview of the DSC fabrication processes carried out in the research 
laboratories. 
 
Figure 1.4: Overview of DSC fabrication. 
Most of the top performing dyes, such as N3, C101, Z907, N749 and N719 are Ru-
based and commercially manufactured by Dyesol and Solaronix. Apart from using low 
abundant and expensive ruthenium metal [22], the synthesis and purification 
processes for these dyes are relatively complex [23] making the present cost of N3, 
Z907 and N719 dyes around AU$200 – 400 per gram and for C101 and N749 above 
AU$1000 per gram. The higher cost of dyes has led researchers to look for alternative 
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sensitisers such as semiconductor quantum dots (QDs) or less costly organic dyes. The 
use of multiple sensitisers to broaden spectral response and utilise resonant energy 
transfer, enhancing efficiency through incorporating plasmonic metals, light trapping 
and photon recycling strategies within the DSC architecture remains to be fully 
explored making further research on sensitised solar cells highly appealing. Since the 
DSC device architecture, working principle, device components and key solar cell 
parameters are of imperative importance to this research work, they have been 
discussed in the following sections.   
1.6 Dye-sensitised solar cells 
DSCs are two electrode (anode and cathode) PECs which converts the electromagnetic 
energy from solar radiation to electrical energy without any net chemical 
transformation within the cells. A porous wideband semiconductor (wbSC) film 
deposited on transparent conducting oxide (TCO) serves the role of the active or 
working electrode (WE) which produces the photocurrent. In a conventional n-type 
DSC device (Fig. 1.5), the dye deposited electrode generates electrons and is the 
negative terminal (anode) of the device while the cathode or counter electrode (CE) 
functions as the positive terminal receiving the photo-generated electron via the 
external circuit. An electrolyte containing iodide/tri-iodide redox couple completes the 
electron collection within the cells and regenerates the dyes for the next cycle of 
photon absorption. The working mechanism of both n and p-type DSCs are discussed 
in the following sub-section.  
 
Figure 1.5: Schematic diagram of n-DSC device architecture. 
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1.6.1 Working principle 
The DSCs are conventionally designed to absorb light incident from the WE side with a 
TCO having high transmittance. The photons falling on the device gets absorbed by the 
dye molecules in the neutral state (S°). After the absorption of photons, the dye 
molecules can release electrons forming an intermediate excited state (S*) (Eq. 1.1).  
So + hν → S∗ − − − (1.1) 
One of the key DSC design requirements is that the excited state or LUMO (lowest 
unoccupied molecular orbital) level of the dyes are higher (or more negative) in the 
energy scale than the conduction band of TiO2 for spontaneous electron injection. The 
injection of electrons from the excited state of the dye to the TiO2 conduction band 
occurs within femto seconds (~10-15 s) and is labelled as an “ultrafast injection”. For 
the typically used Ru-dyes, excited state lifetime is 20 – 60 ns [24] while the 
recombination of the injected electron with iodine/iodide electrolytes is even slower 
(~1 – 20 ms) [21]. The recombination time is a couple of orders slower compared to 
the excited state lifetime, making electron injection to the TiO2 films possible and 
establishing the forward electron transfer path from dyes to WE possible (Eq. 1.2). The 
forward electron path is shown to be from the WE to CE in Fig. 1.6. 
 
Figure 1.6: 2D Schematic diagram of an n-DSC illustrating electron transportation path 
in the device [2]. 
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S∗ +  wbSC → S+ + e−(wbSC − CB) − − − (1.2) 
The oxidised dye molecule (S+) is left with a hole in HOMO (higher occupied molecular 
orbital) after the electron injection. This hole is injected to the electrolyte which 
oxidises the iodide ion to tri-iodide, regenerating the dye to its neutral state (S°) and 
ready to absorb photons again (Eq. 1.3). The tri-iodide ions in the electrolyte diffuse to 
CE to collect electrons and get reduced back to iodide (Eq. 1.4) maintaining balance of 
the iodide and tri-iodide ion concentration.  
S+ + I− → So + I3
− − − − (1.3) 
I3
− + 2e−(CE) → 3I− − − − (1.4) 
In the case of p-DSCs, the active electrode where p-type sensitisers inject holes is 
called the photocathode. The process of sensitisation and charge transfer in p-DSC is 
shown in Fig. 1.7. The p-type sensitisers absorb photons and inject holes into the 
valence band of the NiO films (Eq. 1.5). The reduced dye molecules are regenerated to 
the neutral state by tri-iodide ions in the electrolyte (Eq. 1.6). The iodide ions in the 
redox couple collects holes from the CE (Eq. 1.7) and maintains the balance of the 
redox species in the electrolyte.  
 
Figure 1.7: 2D Schematic diagram of a p-DSC illustrating hole transportation path in 
the device [25]. 
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S∗ +  wbSC → S− +  h+(wbSC − VB) − − − (1.5) 
S− + I3
− → So + I− − − − (1.6) 
I− + h+(CE) → I3
− − − − (1.7) 
The four main components in DSC architecture, (i) working electrode (ii) sensitisers (iii) 
hole transport material (HTM) and (iv) counter electrode are discussed in detail in the 
following sub-sections. 
1.6.2 Working electrode 
The WE is typically a porous film made of wide bandgap semiconductor (wbSC) 
deposited on TCO. The porous structure of the film is necessary for higher dye loading. 
Multiple layers of dye-sensitisation did not benefit device performance leading 
researchers to conclude that monolayer of dye adsorption is optimum for maximum 
efficiency [2, 26]. A monolayer of dye loaded on a compact film absorbs less than 1% of 
incident monochromatic light [19]. However, a nanoparticle network structure having 
50% porosity and 10 µm thick porous film has 1000 times higher surface area for dye 
loading than a flat compact film of similar dimensions [2]. The incident photon-to-
current conversion (IPCE) measurements done with N719-sensitised solar cells showed 
an increase from 0.13% for compact films to a maximum of 88% for porous films [20]. 
This drastic enhancement of IPCE for the device has made it possible for DSCs to 
produce substantial photocurrents.  
    
Figure 1.8: FESEM image of (a) the cross section of a WE and (b) top surface of TiO2 
films. 
TiO2 porous film 
TCO 
Glass substrate 
(a) (b) 
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Amongst the studied nanostructures, nanoparticles, typically 20 – 30 nm in size have 
proven to be very effective in DSCs. The most commonly used wide bandgap 
semiconductor for n-DSCs is TiO2. Other semiconductor oxides materials such as ZnO, 
SnO2, Ta2O5 and Nb2O5 have been investigated as substrate material for DSCs. NiO has 
shown measureable device performance and is generally regarded as the choice of 
semiconducting substrate for p-DSCs [25, 27-29]. Fig. 1.8 illustrates the cross-sectional 
view and top surface of a typical porous TiO2 film having a 20 nm particle network.  
1.6.3 Sensitisers 
Dyes which perform the role of sensitisers are regarded as the heart of DSCs. The WEs 
are made photoactive by the loading dye molecules. The process of dye loading is 
referred to as “sensitisation” and achieved by immersing the WEs in dye solutions for a 
number of hours. Different categories of dyes based on metals (Ru, Fe, Cu, Pt, Os and 
Re), porphyrins, phthalocyanines and organic ones have been investigated. Ru-based 
dyes, notably N719, N749 and N3 are some of the top performing dyes developed by 
Gratzel group at EPFL. Their chemical structure is shown in Fig. 1.9. 
 
Figure 1.9: Chemical structure of N3, N719 and N749 (black dye) [30]. 
Most dyes have a spectral response in the visible region (400 – 770 nm) which covers 
around 46% of the entire solar spectrum. TiO2, SnO2 or ZnO films used as substrates 
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typically absorb in the UV (100 – 400 nm) region which is only 5% of the solar 
spectrum. The remaining 49% of incident solar energy extends to 4000 nm which is 
well into the IR region (770 nm – 1 mm).  However, the energy in IR region has low 
intensity and are broadly distributed with lower corresponding photon energies (0.31 – 
1.6 eV) making it challenging for sensitisers to harvest light effectively in the IR region. 
The spectral responses of standard DSC and some of the established solid-state solar 
cells are shown in Fig. 1.10.  
 
Figure 1.10: Spectral response of various solar cells compared to a standard DSC 
(Source: Fraunhofer ISE). 
1.6.4 Hole transport material 
The HTM plays two important roles in DSCs: (i) regenerating dye molecules to their 
neutral state after electron injection and (ii) collecting the electrons at the CE. Typically 
a liquid electrolyte containing iodide/tri-iodide ([I-] and [I3-]) redox couple serves this 
purpose. Other notable redox couple based on bromides ([Br-] and [Br3-]), thiocyanates 
([SCN-] and [SCN3-]) and cobalt, Co2+/3+ have also been studied [21]. Additives such as 
“4-tert butylpyridine” and “guanidine thiocyanates” are used to boost cell efficiency 
for the iodide/tri-iodide electrolytes. However, DSC panels suffer from issues of 
electrolyte leakage prompting research on solid-state HTMs. Studies on solid-state 
41 
 
hole conductors revealed that it is necessary to fill the pores for higher photocurrent 
generation. The contact of sensitisers with porous TiO2 particle network as well as with 
the electrolyte ensures efficient charge transfer in both directions. This is more 
effective with liquid electrolytes having deeper penetration within the film pores 
compared to solid-state HTMs. Amongst the solid-state HTMs, the highest DSC 
efficiencies achieved were 6.8% and 7.2% by using PEDOT and spiro-OMeTAD, 
respectively [31].   
1.6.5 Counter electrodes 
Conventionally a platinum-doped FTO (Fluorine doped tin oxide), Pt/FTO is used as CE 
in DSCs. The electron injected from the WE makes their way to CE via the external 
circuit. These electrons need to be collected by the redox couple in the electrolyte to 
complete the current path. The FTOs has low catalytic activity with iodide/tri-iodide 
redox couples limiting charge transfer at the CE/electrolyte interface. Platinum 
deposition greatly enhances the charge transfer at this CE/electrolyte interface to 
produce substantial device photocurrent. Fig. 1.11 shows that the FTO surface does 
not need to get covered entirely by Pt and that roughly distributed Pt clusters on the 
FTO surface is adequate for high device efficiency. Surface roughness of the CE has also 
been reported to increase charge transfer owing to better interfacial contact between 
electrolyte and Pt [32]. Among other CE materials, carbon black, activated carbon, 
carbon nanotubes, graphite, cobalt sulphide, PEDOT and polyaniline (PANI) have been 
investigated as alternative catalysts [21, 33].  
       
Figure 1.11: FESEM images of (a) FTO surface and (b) Pt-doped FTO. 
(a) (b) 
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1.7 Solar cell performance parameters 
1.7.1 Efficiency 
The efficiency of a solar cell, given in Eq. 1.8 is a function of the open circuit voltage 
(VOC), short circuit photocurrent (ISC) produced in the cell and fill factor (FF) of the I-V 
plot. Solar cells operate as light dependent current sources where the photocurrent 
variation is linear and VOC is logarithmic in fashion with increasing light intensity. 
Variation of photocurrent density, JSC and VOC for C218-sensitised solar cell with 
increasing light intensity is shown in Fig. 1.12.  
η =
IscVoc FF
Pin
− − − (1.8) 
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Figure 1.12: JSC and VOC dependency in DSCs with varying light intensity (0.25 – 1 sun). 
The FF of a device indicates how close the maximum power generation in the cell 
(PMAX) is compared to a theoretical maximum of VOC*ISC. A lower FF provides important 
information about the internal resistances (shunt and series resistance) of the device. 
Solar cells are designed to have a high shunt resistance to minimise leakage current 
flow within the cells and a low series resistance to avoid loss in photocurrent and 
voltage at the output terminals. All solar cells deliver direct current (dc) electrical 
power and are later converted to alternating current (ac) to power domestic 
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appliances. The focus of this research is on PV devices and loss components of the 
overall PV system efficiency will not be discussed in this thesis.  
1.7.2 Photocurrent 
The photocurrent generation in DSCs can be divided into three cascade processes: (a) 
light absorption by sensitising dyes (b) injection of electrons from dyes to the TiO2 
films and (c) collection of electrons at the CEs that travels via the external circuit. The 
spectral response or IPCE of the device is expressed in terms of three factors 
representing the efficiencies of these three processes. The right hand terms in Eq. 1.9 
are light harvesting efficiency, LHE(λ), efficiency of charge injection, ϕinj and efficiency 
of the injected charges being collected at the CE, ηc. The product of ϕinj and ηc is the 
absorbed photon-to-current conversion efficiency (APCE). IPCE is the ratio of number 
of generated electron-hole pairs (EHPs) in the cells to the number of incident photons 
for monochromatic light and is calculated experimentally from Eq. 1.10. 
IPCE(λ) = LHE(λ)φinjηc = LHE(λ)APCE − − − (1.9) 
IPCE(λ) =  1242.375 ×
Iph
Pinλ (nm)
 × 100 (%) − − − −(1.10) 
Pin and λ are power and wavelength of incident monochromatic light in nm, 
respectively and Iph is the photocurrent produced by the cell under this 
monochromatic light. The two material properties that determines LHE(λ) of a material 
are molar extinction coefficient, ε and spectral response (SR) of that material. Both 
these properties are unique to the material where ε represents how strongly and 
spectral response represents how broadly light is absorbed by the material. SR 
depends on cutoff wavelength for light absorption determined from the material 
bandgap. The ϕinj is influenced by the energy separation between LUMO of the 
sensitising dyes and conduction band of TiO2. The theoretical photocurrent generation 
in DSCs can be calculated from Eq. 1.11 where G(λ) is the spectrum incident on the cell 
active area and q is the charge of an electron. 
Jsc = q ∫ IPCE(λ)G(λ)dλ − − − (1.11) 
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1.7.3 Open circuit voltage 
The photovoltage in DSCs gives the potential difference between the WE and CE. The 
WE potential is determined by the charge density in the TiO2 films represented by its 
Fermi level, EF. The CE energy level is approximated to be very close to the energy 
corresponding to redox potential of the liquid electrolyte, Eredox. Thus, the open circuit 
voltage of the cell, VOC is determined by the difference between the EF of TiO2 and 
Eredox as shown in Eq. 1.12. 
Voc =
|EF − Eredox|
q
− − − (1.12) 
Attempts to obtain higher photovoltage would require the use of an alternative 
electrolyte having a more positive redox potential (Eredox) or a wideband 
semiconductor with higher conduction band position. Dependence of VOC on several 
other DSC device parameters is shown in the Eq. 1.13 where kB is Boltzmann constant, 
T is the current operating temperature of the cell in Kelvin, Iinj is the flux of injected 
charges in the film by the sensitiser, ncb is the density of conduction band electrons in 
the semiconductor film, kbr is the rate constant for electron back reaction with oxidised 
species in the device such as tri-iodide [I3-] and is the concentration of tri-iodide ions in 
electrolyte. 
Voc =
kBT
q
ln(
Iinj
ncbkbr[I3
−]
) − − − (1.13) 
1.7.4 Fill Factor and equivalent circuit 
The FF is the ratio of the maximum power that a solar cell can produce to the 
theoretical power value of (VOC*ISC). Despite the fact that a solar cell can never operate 
at a point where it can deliver both VOC and JSC, this “ideal power” is taken into the FF 
equation (Eq. 1.14) to account for deviation of “real cell” performance from that of an 
“ideal one”.  
FF =
Vm Im
VOCISC
−  − − (1.14) 
The FF is calculated using Pm = VmIm which is the power produced by the cell at the 
maximum power point (MPP). Fig. 1.13 shows MPP for a typical Si solar cell.  
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Figure 1.13: I-V and power curve of a silicon solar cell where the MPP in the plots are 
shown in red dots. 
 
       
Figure 1.14: (a) General equivalent circuit for solar cells with series (RS) and shunt (Rsh) 
resistances. The effect on I-V plots due to (b) increasing series and (c) decreasing shunt 
resistance. 
(b) (c) 
(a) 
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Increase in electrical load with shift the operating point more to the left in the I-V plot. 
Concentrated solar designs include MPP trackers to ensure that the devices always 
operate at the MPP point to deliver power closer to the peak capacity of the system. 
The overall resistance encountered by the electrons in the forward charge transfer 
path is denoted by series resistance (RSe) of the device. Due to recombination 
pathways, some of the electrons converted from photon absorption are lost within the 
device. The recombination phenomenon is represented in the solar cells equivalent 
circuit by a shunt resistance (RSh). A generalised equivalent circuit for solar cells is 
shown in Fig. 1.14a. The effects of separately varying series and shunt resistances on I-
V plot of a solar cell are illustrated in Fig 1.14b and 1.14c. 
1.7.5 DSC equivalent circuit 
The equivalent circuit of DSCs differs from conventional solid-state solar cells owing to 
complex charge transfer mechanism and dye regeneration. The DSC equivalent circuit 
based on the paper by Fabregat-Santiago et al. [34] is shown in Fig. 1.15. 
 
Figure 1.15: Equivalent circuit of DSC [34]. 
The resistors in this model describe charge transport, transfer through the films, 
interfaces and recombination at the interfaces while the capacitors represents the 
double layer charge accumulations resulting in imperfect interfacial capacitance 
formations. The individual parameters from the equivalent circuit are described below. 
Rs Combined transport resistance of the substrate (TCO or metals) in both 
electrodes also known as “sheet resistance” 
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Rt  (=rt*d) is the overall transport resistance in the porous TiO2 particle network 
modelled by transmission line circuit, rt is the per unit length transport 
resistance and d is the thickness of porous TiO2 film 
Rr  (=rr/d) is the overall electron TiO2 recombination resistance at TiO2/electrolyte 
interface and rr is the per unit length recombination resistance in the 
transmission line model 
Cµ  (=cµ*d) is the overall chemical capacitance proportional to electron density in 
TiO2 and cµ is the per unit length chemical capacitance. Eq. 1.15 shows the 
dependence of chemical capacitance Cµ (=cµ*d) on ncb 
Cμ =
q2 ncb
kBT
− − − (1.15) 
RTCO charge transfer resistance at TCO/electrolyte interface. The liquid electrolyte 
penetrates through the porous film network and comes into direct contact with 
the TCO underneath the TiO2 films. This creates a recombination pathway 
between the injected electrons in the WE and the electrolyte which is 
represented by this resistance 
CTCO  capacitance at TCO/TiO2/electrolyte triple interface 
Zd impedance representing the diffusion of redox species in the electrolyte 
Rd real part of diffusion impedance, Zd 
ZPt charge transfer impedance at the electrolyte/CE interface 
RPt real part of ZPt, which is inversely proportional to the catalytic activity at the 
electrolyte/CE interface 
CPt  double layer capacitance formed by accumulation of electrons near the CE 
surface and nearby hole bearing tri-iodide ions. This capacitance is imperfect 
due to the inhomogeneous distribution of the double layer charges along the 
electrolyte/CE interface and is typically modelled using a “constant phase 
element” 
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The DSC overall series resistance, RSe is the combination of Rs, Rt, Rd (real part of Zd) 
and RPt. For better device performance a lower RSe is desired to avoid lower voltage 
and current at the output terminals. The recombination resistances, RTCO and Rr form 
the overall device shunt resistance, RSh in DSC. A higher device RSh is desired to reduce 
the leakage currents to a negligible value which is lost within the device. The FF and 
efficiency has been reported to be improved significantly by tuning these internal 
resistances [32]. 
1.8 Strategies to improve sensitised cell performance 
First generation Si and thin film solar cells have medium-high efficiencies of around 20 
– 25%. After more than two decades of research DSC efficiency is still below 15%. 
Table 1.2 lists the solar cell performance parameters for some of the top performing 
PV devices. The VOC values are between 0.7 – 0.9 V for most devices with the exception 
of GaAs and perovskite cells. Besides perovskite cells all the FF values for other 
optimised solar cells are in the range of 0.7 – 0.9.  
Table 1.2: Performance of various solar cells under Standard Test Conditions (STC)*. 
Cell type [Reference] η (%) VOC (V) JSC (mAcm-2) FF 
GaAs (thin films) [10] 28.8 1.122 29.7 0.86 
Si (monocrystalline) [35] 25 0.706 42.7 0.83 
Si (polycrystalline) [10] 20.4 0.664 38 0.81 
CIGS [36] 20.4 0.736 35.1 0.79 
CdTe [10] 18.3 0.857 26.9 0.77 
CIS [5] 15.4 0.515 41.2 0.73 
Perovskite [37] 15.4 1.07 21.5 0.67 
n-DSC [17] 13 0.91 18.1 0.78 
p-DSC [29] 0.41 0.218 5.35 0.35 
*STC refers to the solar cells being tested under simulated AM1.5G spectrum, 1 sun (1000 Wm-2) 
intensity and device operating temperature of 25°C. 
However, the JSC values for DSCs are around 18 – 21 mAcm-2 which is less than half 
than those observed for Si cells. Besides Si, almost all of the solid-state PV devices have 
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JSC values between 30 – 40 mAcm-2. Thus, the comparatively lower photocurrent can 
be identified as the major limiting factor for DSC performance. Improvement of JSC in 
sensitised solar cells can be carried out by using “better” sensitisers. The term “better” 
can be elaborated to materials having stronger light absorption and selective spectral 
response, especially in the longer wavelength region of the spectrum where dyes do 
not absorb. Other important features for the establishment of use of alternative 
sensitisers in the sensitised solar cell architecture would require them to be chemically 
stable and inexpensive to fabricate. Other strategies would involve modified device 
architecture such as tandem configuration, enhancing photocurrents through 
incorporation of plasmonic metals, up or down converters optically coupled to match 
spectral response of the solar cells, photon recycling techniques. A unique 
phenomenon of resonant energy transfer using dual sensitisers has recently proven to 
increase sensitised cell efficiency. Based on literature and current trend of research 
direction of sensitised solar cells, four promising strategies have been identified which 
can contribute to improve of sensitised solar cell performance. These four strategies 
are discussed in the following sub-sections from where the focus and scope of this 
research will be specified. 
1.8.1 Quantum dot sensitisers 
Most dyes with strong absorption have a narrow spectral response within the visible 
part of the solar spectrum. The TiO2 substrate has a bandgap of 3.2 eV [2, 38] with a 
theoretical absorption cutoff at 388 nm. Thus, any photocurrent contribution from the 
TiO2 substrate would result from UV photon absorption. The light absorbers have 
spectral response in a certain part of the incident spectrum depending on the material 
bandgap. In order to harvest high energy photons from incident light, the absorber 
bandgap needs to be tuned for selective absorption. This is possible for alloys where 
the desired bandgap is achieved by tuning the atomic ratio of two constituent 
elements. For example, in GaInAs, changing the Ga:In atomic ratio from 0.99:0.01 to 
0.77:0.23 shifts the bandgap from 1.4 eV to 1.1 eV [39, 40] causing the edge of 
absorption edge to red shift from 887 nm to 1129 nm. 
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Semiconductor quantum dot (QD) nanoparticles hold much promise as alternative light 
absorbers for sensitised solar cells. The semiconducting QDs exhibit size dependent 
spectral response when the dimensions of the particles are below the Bohr radius of 
that material. The smaller nanoparticles are observed to have considerably blue 
shifted absorption spectra due to quantum confinement effect. As the particle size 
approaches the Bohr radius of that material, the blue shift diminishes and the particle 
properties resembles that of the bulk material. The property of size dependent 
bandgap of the QDs is highly desired for tuning the spectral response of the device to 
achieve selective absorption. A second attractive feature of the QDs is their extinction 
coefficients which are usually an order higher than the high performing dyes. The 
extinction coefficients for several dyes and QDs are illustrated in Table 1.3 for the 
purpose of comparison.  
Table 1.3: Extinction coefficients of dyes vs. semiconducting QDs. 
Sensitisers Peak molar extinction 
coefficient, ε (x 104 M-1cm-1) 
References 
N3 1.4 [41] 
N719 1.42 [42] 
N749 0.78 [43] 
Z907 1.22 [44] 
TG6 2.34 [45] 
YS5 1.71 [46] 
K19 1.82 [44] 
C101 1.75 [42] 
C102 1.68 [42] 
C218 5.6 [47] 
D205 1.87 [47] 
CdS (3.5 nm particles) 38.4 [48] 
CdSe (3.5 nm particles) 16.2 [48] 
CdTe (3.5 nm particles) 14.2 [48] 
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Owing to the size dependent electronic and optical properties of QDs, they have found 
applications in the fields of photonic devices (PV, LASER, optical switches, image 
sensors, QD-LED), electronics (temperature probes, spintronics, non-volatile memory 
structures, quantum computing) and biology (fluorescent probes) [49, 50]. The QD 
particles can be fabricated directly on the TiO2/TCO substrates using wet chemistry 
deposition methods such as successive ionic layer adsorption and reaction (SILAR) and 
chemical bath deposition (CBD) [51-54]. Compared to synthesis of Ru-dyes, these 
processes are easy to manoeuvre and require fewer and cheaper precursor materials 
for QD fabrication. The lower processing cost, higher light absorption and size 
dependent spectral response of semiconductor QD nanoparticles makes them a highly 
attractive choice as alternatives to dyes in the sensitised solar cells. This is a relatively 
new research area and optimisation of QD-sensitised solar cells (QDSCs) has not yet 
been achieved leaving wider possibilities to be explored.  
1.8.2 Tandem configuration 
A tandem or multi-junction solar cell structure utilises multiple cells stacked together 
where each cell absorbs a particular region of the incident solar spectrum [55]. Usually, 
the top cell is designed to absorb high energy UV-blue photons and the lower cells 
gradually absorb lower energy photons from the visible and IR region of the solar 
spectrum.  
   
Figure 1.16: 2D schematic diagram of (a) GaInP/GaAs dual-junction solar cell [56] and 
(b) pn-DSC [29]. 
(a) (b) 
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Fig. 1.16a shows a schematic diagram of a dual junction GaInP/GaAs solar cell where 
the top GaInP cell absorbs in the UV-visible (280 – 680 nm) and bottom GaAs cell 
absorbs in the visible-IR region (500 – 900 nm) of the solar spectrum. Conventionally, 
series connection of tandem solar cells is preferred over parallel connection owing to 
less complexity of device operation. In the series connected tandem cells, each cell 
needs to generate the same photocurrent and the resulting device voltage is equal to 
the summation of photovoltages of the individual cells. In the case of mismatch in cell 
photocurrents, the output current would be limited by the cell with lowest 
photocurrent. Excess currents produced by other cells would be lost in the device as 
heat. In the case of DSCs, this can be achieved by using dyes in the different electrodes 
having selective spectral absorption. Fabricating two DSCs in series would result in a 
pn-DSC configuration (Fig. 1.16b). The photocurrent densities generated by high 
efficiency n-DSCs are typically between 18 – 23 mAcm-2 [10, 17, 57]. However, the high 
performing p-DSC has JSC value of 5.35 mAcm-2. This has severely limited realisation of 
a tandem pn-DSC with moderate efficiency since the tandem cell photocurrent would 
be limited to the lower JSC value. The highest reported efficiency for pn-DSCs is only 
0.41%. Other tandem structures have been studied [58-61] but none of them have 
surpassed the highest n-DSC efficiency range. The use of multiple dyes raises the 
overall cells cost without any significant improvement of power yield in such cases. 
Research into high performing p-DSC and ultimate realisation of pn-DSC by using low 
cost sensitisers has major potential of pushing DSC efficiencies towards 15 – 20%.  
1.8.3 Plasmonic metals 
Surface plasmon resonance (SPR) in metal nanoparticles received much attention in 
photonic device application after Ebbesen et al. published their findings on 
amplification of the light transmitted through sub-wavelength sized holes on a thin 
sheet of silver plate [62]. The electric field oscillations in the electro-magnetic radiation 
of light induce an electric field in certain metal nanoparticles (Au, Ag and Cu for UV-
visible light). Since the electric field does not penetrate deep into the metal core, the 
surface electrons experience induced oscillation creating a longitudinal wave of 
electrons. This electron wave density and associated electromagnetic field is referred 
to as surface plasmon. Due to the extremely confined induced surface electric fields, 
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the intensity of this induced field can be one or two orders higher than the incident 
field intensity. The induced electric fields are spatially non-homogeneous and fade 
away exponentially within 20 – 30 nm away from the metal surface [63]. The SPR 
intensity and resonant wavelength is influenced by the size, shape and properties of 
the metal nanoparticles. The incorporation of plasmonic metals have been reported to 
enhance performance due to increase in optical path length from light scattering in 
silicon solar cells [64] and increased light absorption owing to SPR effect [65]. Recently 
Choi et al. reported [66] that besides light scattering and SPR effect, charging of metal 
nanoparticles needs to be taken into account for the observed photovoltage 
enhancement. The charging of the metal particles raises the Fermi level of TiO2 
incorporated with gold nanoparticles resulting to a slightly higher VOC. A more 
ambitious research area on doping QDs to increase excess carriers making a 
nanostructure having both quantum confinement and SPR effects is still in its infancy 
[67, 68]. Development of plasmonic research carries the potential of becoming a major 
energy enhancing strategy for sensitised solar cells and other photonic devices. 
1.8.4 Förster resonance energy transfer 
The use of dual sensitisers usually requires both sensitisers contributing to 
photocurrent generation by electron injection [69, 70]. Förster resonant energy 
transfer (FRET) mechanism is a non-radiative dipole-dipole interaction between two 
sensitisers which has been realised by mimicking photosynthesis in purple bacteria 
[71]. FRET requires a donor-acceptor pair of sensitisers where the donor absorbs 
photons and transfers the energy to the neighbouring acceptor. The sensitisers are 
designed to have absorptions in complimentary regions of the spectrum to have 
broader light harvesting. Two fundamental requirements of this mechanism are: (a) 
emission spectra of donor and absorption spectra of acceptor must overlap and (b) 
physical separation of the donor-acceptor pair has to be below or near the Förster 
radius, Ro. High FRET efficiency requires the energy to be quickly transferred from 
donor to acceptor which is a challenge in the presence of electrolytes due to high 
donor quenching [72, 73]. This issue has been overcome by a thin shell on donor/TiO2 
surface and depositing the acceptor dyes on the shell creating physical barrier 
between donors and the electrolyte.  
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Table 1.4: Photocurrent improvement in solar cells utilising FRET. 
Donor Acceptor JSC improvement References 
PTCDI TT1 6.88 to 8.78 mAcm-2 [72] 
CdSe/CdS SQ01 3.4 to 16.7 mAcm-2 [73] 
N877 SQ1 2.98 to 3.87 mAcm-2 [74] 
Table 1.4 shows the successful implementation of FRET in solar cells leading to JSC 
improvement. The contribution of the secondary donor sensitiser enhances the device 
IPCE and photocurrent. Other donor-acceptor pairs such as CdSe-Au nanoparticles and 
(CdSe/CdS)-SQ02 dye combinations have also been reported to function successfully 
with FRET mechanism [75, 76]. Further research on conventional dyes and 
semiconductor nanoparticles having overlapping emission and absorption spectra can 
be utilised to improve FRET and overall device efficiency.  
1.9 Scope of this research 
Amongst the four strategies discussed in the previous section, semiconducting 
quantum dots (QDs) were chosen as alternative absorbers for improving sensitised 
solar cell performance. The device architecture, corresponding materials that have 
been studied and present status of some of the high performing QD-sensitised solar 
cells (QDSCs) are discussed below. 
1.9.1 Quantum dot-sensitised solar cells 
QDSCs have essentially the same device layout as that for DSCs, replacing dyes with 
semiconductor QDs. A schematic diagram of the cross-section of a QDSC is shown in 
Fig. 1.17. Nanostructured porous TiO2 films fabricated on TCO is used as substrates for 
QD loading. QDs can in general be fabricated using wet chemistry methods or epitaxial 
processes. A number of semiconductor materials such as CdS, CdSe, CdTe, PbS, PbSe, 
InP, HgTe, Ag2S, Sb2S3, Bi2S3 Cu2S, CuInS2 have been investigated for applications in 
sensitised solar cells [38, 51, 77-87]. Table 1.5 lists some of the highest conversion 
efficiencies reached for QDSCs using various QDs. CdS, CdSe and PbS has bandgaps of 
2.4 – 2.42 eV (λcutoff = ~518 nm) [9, 88], 1.73 – 1.74 eV (λcutoff = ~714 nm) [9, 12] and 
55 
 
0.34 – 0.37 eV (λcutoff = 3357 nm) [9, 89], respectively where λcutoff is the cutoff 
wavelength for light absorption. The solar spectrum covering UV to visible has highest 
intensity and could effectively be harvested using CdS and CdSe QDs. Besides, Table 
1.5 highlights the success of these two materials and were clear choices as QD 
materials in this research for realising a standard and efficient QDSC architecture.  
 
Figure 1.17: 2D schematic cross-section for QDSC architecture where the red dots are 
the QDs incorporated on the TiO2 nanoparticle network. 
Table 1.5: High efficiency QDSCs for various QDs and fabrication methods under STC. 
QD/s Year Deposition 
method [Ref] 
Implementation of 
efficiency enhancing 
strategies 
η (%) 
CdS 2011 SILAR [86] YES 1.01 
CdSe 2010 SILAR [90] YES 3.83 
CdS/CdSe 2010 SILAR [90] YES 3.78 
CdS/CdSe 2011 CBD [91] YES 4.92 
CdS/CdSe 2011 SILAR [92] YES 3.88 
CdS/CdSe 2010 SILAR [79] YES 3.9 
Cu2S/CuInS2 2012 SILAR [78] YES 2.52 
PbS 2011 CQD [85] YES 2.7 
PbS:Hg 2013 SILAR [93] YES 5.6 
CdTe/CdSe 2013 CQD [94] YES 6.76 
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QD deposition in sensitised solar cells is done by wet chemistry deposition methods 
which are classified as in-situ (direct deposition on substrates) or ex-situ (deposition of 
QDs using linkers) fabrication. The in-situ fabrication techniques such as SILAR and CBD 
are commonly used. SILAR method owing to better control of particle size and loading, 
fewer precursor material requirements is generally preferred over CBD. Besides, in 
case of SILAR the solution pH does not need to be controlled precisely like that in CBD 
and the particles sizes are highly reproducible. 
Based on these findings, SILAR was chosen for QD deposition in this research. QD 
deposition methods have been discussed in more detail in the next chapter. The 
iodide/tri-iodide redox couple conventionally used in DSCs are corrosive to the QDs 
and leads to fast degradation [95]. Research into alternative electrolytes have led to 
replacement of iodine/iodides with polysulfide electrolytes and Co-based electrolytes. 
Various polysulfide electrolyte compositions having sulfide/polysulfide ([HS-] and [S42-]) 
redox couple, have been reported by different research groups and was chosen as the 
electrolyte for this experimental study of QDSCs. The sulfide/polysulfide redox couple 
has poor catalytic activity with the Pt/TCO CE. Other materials such as CoS, Cu2S, PbS, 
Au, Au-Pd, graphite have been investigated [79, 81, 96-99] for catalytic activity with 
the widely used polysulfide redox couple. Amongst the CE materials studied, some of 
the top performing QDSCs were achieved using Cu2S on brass CEs which is the final 
device component that will be investigated for realisation of a standard QDSC 
architecture for high conversion efficiency.  
1.10 Focus of this research 
This research focuses on study of CdS and CdSe quantum dot properties and 
incorporating them in sensitised solar cells to achieve high efficiency by optimisation of 
device components. Compared to more than two decades worth of research on DSCs, 
the area of QDSC research is relatively new. The first phase of this research is designed 
to carry out experimental work to investigate mainly three: (i) quantum confinement 
of nanoparticles made by SILAR, (ii) CdS nanoparticle growth and loading with 
increasing SILAR deposition cycles and (iii) stability of CdS nanoparticles made by 
SILAR.  
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The literature on nanoparticle growth is loosely classified as a two-step process via 
nucleation where the first two or three SILAR depositions contribute to creation of 
new adsorption centres and the later depositions towards particle growth [79]. This 
research aims to explain CdS particle formation and growth process by studying the QD 
loading, particle size distribution and surface coverage with increasing SILAR 
deposition cycles. The second part of the study on QDs focuses on investigating 
quantum confinement in the CdS and CdSe nanoparticles which will help to determine 
whether the nanoparticles made by SILAR are indeed exhibiting quantum confinement 
property and to exploit this property for solar cell applications. This part of the 
research will be aimed at identifying the particle size range for which quantum 
confinement effect is observed and correlate the particle sizes to their corresponding 
bandgaps. In the case of nanoparticles behaving as QDs, the size dependent bandgaps 
determined for CdS and CdSe nanoparticles would provide useful knowledge to 
quantify blue shifts in absorbance and the exact particle size required for a specific 
device spectral response within the observed blue shift range. In the third and final 
part, analysing of the photostability of the CdS nanoparticles will help to determine 
their potential as sensitisers and research direction in QDSCs. In the case of 
degradation due to oxidation or chemical transformation due to contamination from 
neighbouring material, mitigating measures will also be investigated.  
The second phase of research covers a much larger scope and serves as foundation 
work for efficient device fabrication. Material selection for the components of QDSC 
(WE, electrolyte, CE) would be chosen based on literature. The next step of fabricating 
QDSC components and their careful optimisation would be carried out with the aim of 
eliminating performance limiting factors which affects the overall device performance 
negatively. A section of this research would focus on implementing anode treatment 
techniques conventionally used in DSCs. By varying TiO2 film thickness, inclusion of 
blocking TiO2 layer and TiCl4 treatment on the WEs, the effectiveness of these 
strategies in QDSCs can be assessed and  provide us insights into difference of working 
mechanism between QDSC and optimised DSCs. From careful investigation of the 
results achieved from fabrication and sequential optimisations, a niche area would be 
58 
 
identified and experimental work will be carried out to make a significant and original 
contribution to the sciences of sensitised solar cells. 
An additional part of this study of sensitised solar cells involves collaborative research 
done on assessing the performance of ZnO-based DSCs. Two different ZnO 
nanostructures (nanocone and nanorods) will be used to fabricate the DSCs. C218-
sensitised solar cells have not been reported using the ZnO nanocone-based films. The 
aim of this research is to compare three dye (C218, D205 and N719) performances and 
shed light on ZnO properties that would affect the overall device performance. This 
work will provide a starting reference point for further research implementing QDs.  
1.11 Layout of this thesis 
This thesis includes a total of five chapters. Chapters 2 – 4 include background, 
experimental results, analysis, discussion and conclusions. The outcomes of this 
research and its contribution and significance are summarised along with suggestions 
for future work in the concluding chapter.  
Chapter 2 covers the introduction to quantum dots, various fabrication methods, 
synthesis, detailed characterisation, photostability study and passivation of CdS and 
CdSe quantum dots.  
Chapter 3 includes four main subsections relating to fabrication and optimisation of 
QDSCs. The first subsection focuses on preparing Cu2S on brass and Cu2S on TCO as CEs 
for QDSCs. The second subsection includes fabrication and optimisation of CdS-
sensitised solar cells.  Investigation of CdSe/CdS-sensitised solar cell performance by 
varying polysulphide electrolyte compositions is covered in the third subsection. The 
final part of Chapter 3 focuses on implementing TiCl4 treatment and a blocking TiO2 
compact layer on the WE and study their impacts (separate and combined) on 
CdSe/CdS-sensitised solar cell performance.  
Chapter 4 begins with the niche area of improving device efficiency by using ZnSe as an 
alternative protective shell layer on the CdSe/CdS QDs. The effect of ZnSe shells 
depositions on the solar cell performance and chemical stability of the ZnSe shells after 
coming into contact with the electrolyte within the device have been studied in detail.  
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Chapter 5 is the concluding chapter which highlights the key findings and contribution 
of this thesis. 
The research on ZnO-based DSCs resulting from the collaboration of three research 
groups have been included in the Appendix D of this thesis.  
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Study of CdS and CdSe Quantum Dots 
 
2.1 Introduction 
The first part of this chapter focuses on the study of CdS and CdSe quantum dots to be 
used as light absorbers for solar cell applications. As mentioned in the previous 
chapter direct deposition via SILAR method has its advantages over CBD and was 
chosen to fabricate CdS and CdSe QDs in this research. This chapter starts with an 
introduction on quantum dots and brief discussions on different QD deposition 
methods. The initial literature is followed by experimental details for fabrication, 
surface coverage, quantum confinement, size dependent photodegradation and 
passivation of the CdS nanoparticles made by SILAR. The second section includes the 
study on CdSe nanoparticles where the fabrication details, crystallinity, size and 
dispersion for the nanoparticles, quantum confinement and finally the photostability 
of CdSe has been discussed in detail.  
2.2 Quantum Dots 
Semiconductor nanoparticles with theoretical 0-D structures, confined in three spatial 
dimensions are referred to as quantum dots (QDs). The material properties of QDs 
depend on the energy level of charges (electrons and holes). Confining the material 
spatially imposes limits on the motion or kinetic energy giving rise to quantisation of 
the electron and hole energies. This leads to higher energy requirement to separate 
the charges in the semiconductor particles compared to that in the bulk. Decreasing 
particle size introduces such 3D confinement and variation of material properties such 
as optical bandgap, photoluminescence, extinction coefficient and energy transfer 
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compared to their bulk behaviour is observed [48, 76, 80, 100, 101]. Under this size 
constraint, the properties of quantum dots are a strong function of their particle size.  
2.2.1 Quantum confinement 
The scale of spatial confinement is best described through the Bohr radius, ao of a 
material. Due to 3D confinement, the minimum energy to create an electron hole pair 
can be found from Eq. 2.1 below [12, 102]: 
𝑬𝒎𝒊𝒏 = Eg +  
△ E
q
− 
1.8q2
4πqϵϵo𝒓
(eV) = Eg +  
ћ2π2
2mq𝒓2
−  
1.8q
4πϵϵo𝒓
(eV) − −  − (2.1) 
Eg Bandgap energy of a material 
ΔE Separation of energy level caused by size confinement 
ϵo Permittivity of free space 
ϵ Permittivity of the material 
r Particle size 
m Reduced mass from electron and hole effective masses 
ћ Reduced Planck constant 
Semiconductor particles start to show deviations in their optical properties when the 
particle dimensions are 2 – 3 times their Bohr radius [80, 100]. The second energy term 
(proportional to r-2) on the right hand side of Eq. 2.1 is due to size confinement and the 
third term represents energy (proportional to r-1) from Coulomb attraction between 
electron and holes. When the electron confinement energy is smaller than the 
Coulomb attraction energy, the semiconductor behaviour shows weak confinement 
effects. If these energies are of the same order, intermediate confinement is observed. 
However, as the particle size (r) becomes smaller compared to Bohr radius (r < ao), r-2 
term dominates and the minimum energy to separate an electron-hole pair (Emin) 
increases beyond its bulk value, for which strong confinement is observed. For 
example, Cu2ZnSnS4 (CZTS) compounds have a Bohr radius of 2.5 – 3.3 nm [103], while 
for PbS it is around 18 nm [104]. Thus, nanoparticles roughly in the range of 1 – 20 nm 
can be regarded as quantum dots. 
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2.2.2 Quantum dot deposition methods 
There are two main processes of QD deposition: (a) solution-processed and (b) 
epitaxial process. SILAR, CBD and colloidal synthesis methods belongs to the first 
process. QDs made by these methods can be deposited directly on the substrate or in 
case of colloidal synthesis, can be adsorbed later by using linker molecules. Vapour 
phase epitaxy (VPE) and molecular beam epitaxy (MBE) are two main deposition 
methods for epitaxial process. These different methods are discussed briefly in the 
following sections.  
2.2.2.1  Successive ionic layer adsorption and reaction 
This method is suitable for fabricating binary semiconductor compounds like CdS, 
CdSe, ZnS, PbS, etc. This is an in situ deposition method where QDs are adsorbed on 
the substrate by immersing it alternatively in cationic and anionic precursor solutions 
(Fig. 2.1) [54]. The cations are adsorbed on the substrate by dipping the substrate 
inside the cationic solution first. The substrate is subsequently rinsed with a solvent 
and dried in argon or nitrogen gas flow.  
 
Figure 2.1: Schematic representation of SILAR deposition [79]. 
Rinsing is required to wash excess off ions from the substrate which allows for better 
control of particle size. The films are then dipped in the anionic precursor solution and 
later rinsed and dried. The anions attach to the adsorbed cation layer and form 
nanoparticles through nucleation process. This completes one cycle. Repeating the 
number of cycles lets the particles grow in a controlled manner. Other factors that can 
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influence the growth mechanism, such as dipping time, precursor concentration and 
reaction temperature are kept constant allowing the particle growth to be controlled 
solely by the number of deposition cycles.  
2.2.2.2  Chemical bath deposition 
This is an in situ method for QD deposition but instead of two precursor solutions like 
in the SILAR approach, only one precursor solution is needed for material deposition 
[53]. The precursor solution in this case contains both the cations and anions to be 
deposited on the substrate. The solution pH and temperature for CBD needs to be 
controlled with care. The need for more precursor materials and longer deposition 
times makes CBD less attractive for QD fabrication as compared to SILAR. This method 
is used for fabricating thin semiconductor layers as well as QDs.  
2.2.2.3  Colloidal synthesis 
Colloidal II-VI and III-V QDs can be synthesised in two ways – hot injection and one pot 
synthesis method. For “hot injection method”, a metal precursor compound and 
suitable ligands are mixed in a solvent and heated up in a three neck flask reactor. The 
ligand serves two functions: (a) to react with the metals and form organometallic 
compound and (b) to prevent aggregation of particles. After the injecting of anionic 
precursor into the hot flask, the overall solution temperature drops, reducing solubility 
of the materials formed in the solution. The over-saturated organo-metallic compound 
and anionic precursor react to form QD nanocrystals which are separated from the 
solution phase and collected as solid products. In the second method known as “one-
pot synthesis”, all the reactants are put together in a three neck flask reactor which is 
heated up to a certain temperature to induce reaction. QDs are formed as final 
reaction products and particle size is controlled by either the reaction time period or 
reaction temperature. However, the synthesis of III-V QDs is more complex compared 
to II-VI QDs due to III-V compounds being more covalent  and having higher 
temperature requirement [80]. The reaction can take up to days, reaction chamber has 
to be kept moisture free and higher temperatures are required for synthesis. The 
collected II-VI QDs are deposited on the WEs by using a bifunctional linker molecule 
having carboxylic (-COOH) and thiol (-SH) ends.  The carboxylic end binds with the 
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metal oxides in the WE and the thiol end connects with QDs [52, 53]. The metal oxide 
substrate are first dipped in a solution containing the linker and then into the QD 
solution.  
2.2.2.4  Vapour phase epitaxy 
Epitaxy refers to the technique of growing single crystals on a substrate. The wafer or 
substrate is kept inside the reactor and heated to the reaction temperature. Group III 
and V-precursors are introduced inside the reactor chamber in gas phase. Crystals of 
the target material grow on the substrate. The alloy compositions are controlled by 
varying the gas mixtures [9]. In metal-organic vapour phase epitaxy (MOVPE), one of 
the precursor gases is injected as metal-organic compound which reacts with the other 
precursor compound to similarly form the target material on the substrate. Vapour 
pressure of the metal-organic precursor determines the deposition rate for MOVPE. 
The schematic diagram for VPE is shown below in Fig. 2.2. 
 
Figure 2.2: Schematic diagram for VPE [9]. 
2.2.2.5  Molecular beam epitaxy 
Molecular beam epitaxy (MBE) is a highly sophisticated process for fabricating high 
purity III-V QDs and films. In MBE, the substrate is kept in a high vacuum chamber. This 
process allows varying the alloy compositions as well as introducing dopants in the 
target compound [9, 105]. The individual alloy components and dopants are kept in 
separate cells. The molecules from different cells are focused towards the substrate 
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allowing the alloy to form on the surface of the substrate which is kept at slightly lower 
temperature (Fig. 2.3). Growth rates of less than 1 µm/hr can be achieved by 
controlling the shutter in front of each cell.  
 
Figure 2.3: Schematic diagram for MBE [9]. 
2.3 CdS quantum dots 
2.3.1 Synthesis of CdS via SILAR method 
SILAR method was adopted for deposition of CdS on TiO2 porous films owing to better 
particle control, higher coverage, reproducibility and being a more effective method 
compared to CBD [51, 53, 79]. Fluorine doped tin oxide, FTO (TEC15, Pilkington) were 
used as transparent conducting oxide (TCO) substrates for TiO2 film deposition. The 
thickness of the TEC15 FTO layer was around 400 nm. TiO2 films were deposited by 
doctor blading method [106] using a commercial paste (DSL 18NR-T, Dyesol). TiO2 
particles were around 20 nm in diameter. The films were allowed to relax in air for 1 - 
2 minutes after each doctor blading depositions to have a uniform film and later dried 
on hot plates at 100°C for 10 minutes. The films were then sintered inside a furnace at 
500°C for 30 minutes to remove all organic contents. A single layer of doctor bladed 
films had an average thickness of 6.5 µm while two doctor bladed layers produced 
films of around 10 – 12 µm. The TiO2 films on FTO substrates will be referred as 
working electrodes (WE) or anodes throughout this thesis. 
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The first step in CdS fabrication was to make cadmium and sulphide precursor 
solutions. Stock solutions of 0.02 M cadmium nitrate tetrahydrate, Cd(NO3)2.4H2O in 
methanol and 0.02 M sodium sulfide nonahydrate, Na2S.9H2O in a 1:1 mixture of 
methanol and deionised water (1:1 v/v) were prepared. The mentioned concentration 
and deposition procedure was done based on previous report [92]. The WE was 
immersed in the Cd-precursor solution for 1 minute to adsorb Cd2+ ions on TiO2 
particles. The films were rinsed in a methanol solution and dried in argon or nitrogen 
gas atmosphere. The dried films were dipped in the alternate S-precursor solution for 
another minute and similarly rinsed and dried. S2- ions react with the previously 
adsorbed Cd2+ and forms CdS nanoparticles through nucleation. Rinsing time and 
drying time were fixed for 1 minute each. This completed one cycle of SILAR deposition 
for CdS. As the SILAR deposition cycle is repeated the CdS nanoparticle grows in size 
and concentration throughout the porous TiO2 film. The experiments were conducted 
at a room temperature of 22 – 25°C and inside a fume cupboard. For the sake of 
simplification, WEs adsorbed with sensitisers (quantum dots or dyes) would be 
referred to as photoanodes in this thesis. The increase of CdS concentration with 
increasing number of cycles was visible due to the change in colour from pale to bright 
yellow (Fig. 2.4). 
 
Figure 2.4: Colour change of the photoanode indicating higher loading of CdS in the 
films. 
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2.3.2 Experimental details for CdS characterisation 
Raman spectroscopy of the CdS-deposited photoanodes was performed to validate 
formation of CdS compound. The measurement was performed with a Raman 
spectrometer (Renishaw) using 532 nm laser and 3 mW laser power. Elemental 
analysis of the CdS-sensitised films was carried out on Quanta 3D scanning electron 
microscope (SEM) equipped with energy dispersive X-ray spectroscopy (EDS) functions. 
The UV-visible absorbance spectra for the CdS nanoparticles were measured with 
Varian Cary 5000. In case of CdSe, the absorbance measurements were carried out on 
Varian Cary 50. The absorbance spectra of TiO2 film was used as a baseline to account 
for the absorption solely due to CdS or CdSe nanoparticles. The light conditions for 
photodegradation experiments were measured using an Optical Meter (1918-C, Oriel) 
with a calibrated thermopile detector (818P, Oriel). The light intensity was found to be 
around 0.44 mWcm-2 at the sample height. X-ray diffraction (XRD PANanalytical XPert 
multipurpose diffractometer (MPD), Cu Kα, λ = 0.154056 nm) scans were performed 
using Bragg Brentano configuration to determine the CdS particle crystallinity. 
Morphology, lattice structure and the average size of the CdS and CdSe nanoparticles 
were determined using a high-resolution transmission electron microscope, HR-TEM 
(JEOL JEM-2100). The particle sizes of CdS were determined from 200 particle 
measurements obtained from TEM images. Large clusters were neglected in these 
measurements to account for unit particles. X-ray photoelectron spectroscopy (XPS) 
scans were performed on a Kratos AXIS Ultra with a monochromatic Al X-ray source at 
150 W. XPS spectra of the films were normalised using the fixed energy position of C 1s 
at 284 eV.  
2.3.3 Growth of CdS nanoparticles 
The Raman peaks at 399 cm-1, 513 cm-1 and 639 cm-1 in Fig. 2.5 are three of the six 
allowed vibrational modes generated by anatase TiO2 [107]. Due to the low 
concentration of loaded CdS no additional Raman peaks were observed for the 
samples before 7 deposition cycles (CdS7). The new peak at 299 cm-1 for CdS7 spectra 
is attributed to longitudinal optical (1LO) phonon mode for CdS while a second 598 cm-
1 peak more visible in the CdS11 Raman spectra is due to its overtone (2LO) [108]. The 
reported 1LO and 2LO peaks for bulk CdS are located at 305 cm-1 and 605 cm-1, 
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respectively. The observed redshift for the CdS peaks, in our case is consistent with the 
spatial phonon confinement effect for quantum dots [108-110].  
Elemental analysis done by EDS analysis shows that the samples are sulfur rich in the 
initial depositions and atomic ratio of Cd:S reaches close to 1:1 in the film for higher 
SILAR depositions (Table 2.1).  
 
Wavenumber (cm-1)
200 400 600 800 1000
In
te
n
si
ty
 (
a.
u
.)
0
2000
4000
6000
8000
10000
12000
14000
TiO2 
CdS3 
CdS5 
CdS7 
CdS11 
299 cm-1
598 cm-1
 
Figure 2.5: Evolution of Raman spectra for TiO2 films with increasing SILAR cycle 
depositions of CdS (CdSN; N = 3, 5, 7 and 11). 
Table 2.1: Atomic ratio of Cd and S deposited by SILAR method. 
Elements 
 
Atomic ratio 
3 cycles 5 cycles 7 cycles 9 cycles 
Cd 1 1 1 1 
S 1.34 1.17 1.16 1.05 
The EDS data indicated a linear increase of the adsorbed CdS percentage mass for 3 – 9 
cycles. However, to shed some light on initial CdS formation, peak absorptions for 
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different SILAR deposition cycles were normalised with respect to the maximum 
absorption observed for 9 cycles. The original UV-visible absorbance and the 
normalised peak absorption (~390 nm) plots are shown in Fig. 2.6. The normalised 
absorption plot shows that the light absorption increases with the number of SILAR 
deposition cycles indicating a higher content of CdS in the films. The normalised peak 
absorption increases exponentially for the deposition cycles of 1 – 3 (Fig. 2.6b), linearly 
between cycles 3 – 9 and finally saturating beyond 9 cycle depositions. This hints at 
particle formation through creation of new adsorption centres during the first three 
SILAR deposition cycles. This assumption is consistent with the initial proposed growth 
mechanism of CdS on TiO2 by Lee et al. [79] which reported that the growth 
mechanism is initiated by the sequential adsorption of Cd2+ and S2- on TiO2 surface in 
the first or second SILAR cycles. The Cd2+ and S2- ions adsorbed for the latter cycles gets 
accumulated on the CdS thin layer. Because of the less-strained condition between 
Cd2+, S2- ions and TiO2 particles, CdS nucleation is accelerated and grows to small dots. 
The later SILAR depositions (cycles 3 - 9) could contribute either solely to particle 
growth or to both particle formations (creation of new adsorption centres) and growth 
(layer by layer adsorption). The surface coverage of porous TiO2 films by CdS 
nanoparticles was determined to shed light on which mechanism prevails for 3 – 9 
cycle SILAR depositions. 
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Figure 2.6: (a) UV-visible absorption and (b) variation in peak light absorption with 
increasing SILAR depositions. 
Surface coverage ratio indicates the percentage coverage of available TiO2 surface area 
by CdS nanoparticles. It has been reported [111, 112] that the crystal phase of CdS 
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depends on crystal size. Smaller CdS crystals tend to show cubic lattice structure 
whereas larger crystals have hexagonal structure. CdS dots between 2 – 5 nm in size 
can accommodate only around 4 – 10 unit crystals. Thus, for the sake of simplicity, the 
CdS QDs were assumed to be cubic in shape. For the larger TiO2 nanoparticles (~20 
nm), the FE-SEM images revealed that the particles were a rough mix of square and 
roundish shapes. For the calculation of the TiO2 surface area, we approximated two 
shapes at first – cubic and spherical. In the case of the anatase TiO2 particles, the 
specific surface area measured by BET method was found to be 79.2 m2/gm. The 
surface area calculated theoretically assuming cubic and spherical particles were 76.32 
m2 and 76.17 m2, respectively. The cubic shaped TiO2 particles gave a closer fit to the 
actual BET data and was used for calculating surface coverage. For the surface 
coverage model, a monolayer of CdS crystals were assumed to be attached to the TiO2 
surface. The percentage weight of CdS and TiO2 were determined using EDS analysis. 
The ratio of the area of CdS nanoparticles covering cubic TiO2 surface to the total 
available TiO2 surface area for the porous nanoparticle network having 50% porosity 
was taken as surface coverage ratio for each samples. Detailed surface coverage 
calculation for 3 cycles deposited CdS is included in Appendix B. The percentage 
surface coverage values determined for various SILAR deposition cycles are given in 
Table 2.2.  
Table 2.2: Surface coverage ratio for varying SILAR deposition cycles. 
SILAR deposition cycles Surface coverage ratio 
(%) 
3 6.2 
5 14.6 
7 20.3 
9 20.5 
The film’s coverage increased from 6.2% for 3 cycle depositions to around 21% for 9 
cycle depositions suggesting adsorption saturation. It is worth discussing the spatial 
resolution of EDS technique. The X-ray spatial resolution is shown in the Eq. 2.2. 
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R =
0.064 (Eo
1.68 − Ec
1.68)
ρ
−  − − (2.2) 
R spatial resolution in µm 
Eo accelerating voltage in KeV 
Ec critical excitation energy in KeV 
ρ mean density of the specimen in gm/cm3 
The spatial resolution for EDS clearly depends on the density of the specimen (3.84 
gm/cm3 for anatase TiO2) and overvoltage (20 KV in this study) used in measurement 
[113]. In our case, the spatial resolution was around 4.6 µm which is greater than half 
the film thickness (total film thickness = 6.5 µm). The surface coverage data in Table 
2.2 clearly shows that for SILAR depositions beyond 7 cycles there are almost no new 
adsorptions centres. Thus, the later stages of SILAR depositions (3 – 7 cycles) results in 
both formation and growth of particles. Beyond 7 cycles, the depositions contribute 
mainly to growth of the loaded CdS nanoparticles.  
2.3.4 Particle crystallinity 
XRD measurements were carried out on CdS7, CdS9 and CdS11 samples which denote 
7, 9 and 11 SILAR cycle deposited photoanodes. However, the concentration of the CdS 
in the films was too low to be detected by XRD measurements. This is consistent with 
the reports by Rabinovich and Hodes [114] who observed XRD patterns of CdS only 
after 50 SILAR deposition cycles.  
    
Figure 2.7: (a) HR-TEM image and (b) Diffraction pattern of CdS particles. 
(a) (b) 
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As an alternative method to determine particle crystallinity, CdS was deposited directly 
on copper grids for HR-TEM analysis. Fig. 2.7a shows the lattice fringes for CdS11 
crystals suggesting good crystallinity for the SILAR deposited particles. The interplanar 
spacing, d which was measured from the HR-TEM image was 0.336 nm. This value can 
be ascribed to either the lattice spacing of (111) inter-planes of cubic phase CdS (d(111) 
= 0.336 nm) [115] or the spacings of (002) inter-planes of hexagonal CdS (d(002) = 0.336 
nm) [116]. Selected area electron diffraction (SAED) pattern was recorded to clarify the 
crystal structure of CdS. The diffraction pattern in Fig. 2.7b shows continuum rings, 
indicating polycrystalline nature of the material. The calculated d-spacings from these 
ring diameters are shown in Table 2.3. These values are in excellent agreement with 
corresponding d-values of hexagonal phase CdS. This result differs from the report by 
Cheng et al. [99] which observed both cubic and hexagonal CdS synthesised by SILAR. 
The different crystal phases are probably due to different crystal sizes analysed by HR-
TEM.  
Table 2.3: d-spacings for CdS nanoparticles. 
No. of rings h k l Calculated  
d values (nm) 
Reference [116]  
d values for  
hexagonal CdS (nm) 
1 0 0 2 0.336 0.336 
2 1 1 0 0.207 0.207 
3 1 1 2 0.177 0.176 
4 2 1 0 0.135 0.136 
5 2 1 3 0.116 0.159 
2.3.5 Quantum confinement in CdS nanoparticles 
CdS is a direct bandgap (Eg = 2.4 eV) [9, 88] semiconductor with a Bohr radius of 5.8 nm 
[117, 118].  Thus, CdS particles below its Bohr radius value should exhibit strong 
quantum confinement effect which is reflected by elevated bandgap of the 
nanoparticles compared to the bulk bandgap value. Fig. 2.8 shows the CdS particle 
TEM images for 3, 5, 7 and 9 cycle depositions. The tetragonal anatase TiO2 had a 
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lattice parameter, a = 0.37 nm which is very close to the face-centred cubic Cu lattice 
parameter of a = 0.36. The difference in lattice mismatch using TiO2 (-10.8%) and Cu 
grids (-13.8%) as substrates for CdS deposition was only 3%. In the case of CdSe 
deposition, a 3.1% difference of lattice mismatch occurred due the use of Cu and TiO2 
substrates. The difference of lattice mismatch using these two substrates was 
considered acceptable and for SILAR deposited CdX (X = S, Se) QDs, Cu grids were used 
as an alternative substrates to measure the particle sizes. The particle measurements 
were done from multiple TEM images taken on different spots on the Cu grid to 
account for particle size variation.  
  
  
Figure 2.8: TEM images of CdS nanoparticle for varying SILAR deposition cycles. 
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The particles deposited with higher SILAR cycles (CdS9) showed that smaller particles 
were merging to form larger clusters. When measuring particle sizes, these clusters 
were not taken into account, rather the solitary units which were clearly identifiable as 
a particle. 
Table 2.4: Particle size of CdS made by SILAR method. 
SILAR deposition cycles Particle size (nm) 
3 2.7 
5 2.9 
7 3.6 
9 4.7 
11 5.6 
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Figure 2.9: Size distribution plots for the CdS particles. 
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The particle sizes for different CdS deposition cycles are given in Table 2.4. The 
dispersion of the particle sizes with different SILAR cycles is illustrated in the 
histograms of Fig. 2.9. The histograms were plotted by dividing the measured 200 
particle sizes into 5 equal data ranges. Higher percentage counts in the central data 
range indicates majority of particles sizes centred on the average particle size value 
and have lower size dispersion. The frequency of smaller particles of 1 – 2 nm range 
was not observed for CdS7 and CdS9. The absence of smaller particles in later 
depositions (7 – 9 cycles) indicates that no new creation of adsorption centres were 
formed on the TiO2 surface. The depositions beyond 7 cycles contribute mainly 
towards growth of CdS particles loaded in the sample from previous deposition cycles. 
This is consistent with our conclusions based on surface coverage and variation of peak 
absorbance. The CdS particle sizes for 3 – 9 cycle depositions were in the 2.7 – 4.7 nm 
range.  
As discussed above, the effect of quantum confinement in semiconductor particle 
leads to size dependent bandgap. To account for variation in bandgap for these 
particles, absorbance spectra of CdS synthesised with different SILAR cycles were 
obtained from UV-visible spectroscopy. The absorption of TiO2 substrates was taken as 
baseline to accurately measure the absorption from the CdS dots. SILAR method has 
been reported for fabricating reproducible quantum dots whereas CBD is more 
frequently used for thin film layer deposition.  The UV-visible spectra (Figure 2.10) can 
be attributed to sole absorption arising from the CdS QDs. The particle bandgap 
depends inversely on the absorption cutoff (λcutoff) as shown in Eq. 2.3 where h is 
Planck’s constant and c is the velocity of light in free space. 
𝑬𝒈 =
h c
𝝀𝒄𝒖𝒕𝒐𝒇𝒇
=  
1242.375
𝝀𝒄𝒖𝒕𝒐𝒇𝒇 (nm)
 (eV) − − − (2.3) 
The bandgap values were determined by extrapolating and fitting the long wavelength 
edge, λcutoff of the CdS absorbance plots [9, 119, 120]. The UV-visible absorbance 
spectra for the CdS nanoparticle had a peak value around 388 nm and a long tail 
extending to the far end of the visible region (Fig. 2.10). With increasing SILAR 
depositions, the average CdS particle sizes reaches close to the Bohr radius which 
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should exhibit weak confinement effect indicating transition from quantum dot to bulk 
behaviour. 
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Figure 2.10: Absorbance plots for CdS nanoparticles. 
The theoretical λcutoff for bulk CdS (Eg = 2.42 eV) determined from Eq. 2.3 is 513 nm. For 
the range of SILAR depositions investigated in our experiments, λcutoff for CdS 
nanoparticles vary between 472 – 524 nm. For the CdS3 samples, particles averaging 
around 2.7 nm exhibited a bandgap of 2.65 eV which is 0.23 eV higher than bulk value 
of 2.42 eV. Alternatively for CdS11 samples, the calculated bandgap is 2.37 eV which is 
0.03 eV less than the bulk bandgap value. This phenomenon of “effective bandgap 
lowering” for CdS nanoparticles made by SILAR is due to strong sub-bandgap tail below 
the bulk bandgap reported by Rabinovich and Hodes [114]. They have investigated this 
deviation of observed bandgap of SILAR deposited CdS from the actual bandgap in 
detail and concluded that with increase in crystal size and “tail effect” dominates over 
the size quantisation effects causing this apparent lowering. The “blue shifts” in the 
absorbance spectra (Fig. 2.10) for different CdS nanoparticles (2 – 5 nm) is evidence of 
strong quantum confinement.  
In addition to the absorbance peak at 388 nm, there was a second weaker absorption 
peak around 705 nm for the CdS QDs. CdS has a higher conduction band edge (ECB_CdS = 
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- 0.875 vs. NHE at pH 7) [38] than that of TiO2 (ECB_TiO2 = -0.375 vs. NHE at pH 7) [38] 
and spontaneous electron transfer (Figure 2.11) from the CdS QDs to TiO2 is has 
previously been reported [121]. This electron injection will result in electron trapping 
at the Ti4+ located on the surface of TiO2. This electron trapping has been reported to 
cause spectral changes in the red region (620 – 770 nm) of the visible spectrum [122]. 
Such a peak was not observed when CdS was deposited on bare FTO as substrate. 
Thus, the second peak at 705 nm is likely to be arising from electron coupling between 
TiO2 and CdS.  
 
Figure 2.11: Spontaneous electron injection from CdS conduction band to TiO2 
conduction band.  
Table 2.5: Theoretical and experimentally determined bandgap values for CdS QDs. 
 Particle size 
(nm) 
Experimentally observed 
bandgaps (eV) 
Theoretical bandgap 
values (eV) 
Percentage 
deviation from 
theoretical (%) 
2.7 2.65 2.6225 -1.04 
2.9 2.61 2.5886 -0.82 
3.6 2.55 2.5137 -1.44 
4.7 2.44 2.4605 +0.83 
5.6 2.37 2.4402 +2.87 
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The bandgap values determined experimentally and from theoretical calculations using 
Eq. 2.1 are given in Table 2.5 and the corresponding bandgaps are plotted in Figure 
2.12.  
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Figure 2.12: Variation of experimentally determined bandgap values from the 
theoretical bandgap values for the different particle sizes of CdS nanoparticles. 
Both the theoretically calculated and experimentally determined bandgap values show 
similar trend. For CdS particle size of 5.6 nm, the experimental value showed a larger 
percentage deviation (+2.87%) compared to that for particles sizes in the 2.7 – 4.7 nm 
range (Table 2.5). This comparatively larger deviation is likely to arise from the 
“effective bandgap lowering” discussed earlier. The size distribution plots from Fig. 2.9 
also shows the existence of nanoparticles larger (<7.5 nm) than the Bohr radius of CdS 
(5.8 nm). Due to “tail effect” and the existence of nanoparticles above the Bohr radius 
of CdS, the quantum confinement effect was observed to be less pronounced than the 
theoretically calculated value. The size dependent bandgap property confirmed 
quantum confinement of CdS nanoparticles made by SILAR and that the bandgap 
variation trend followed the theoretical values within a certain degree of error. 
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2.3.6 Photodegradation 
CdS has been reported to degrade under light and oxygen [123-125] and the process 
has been broken down in detail by Henglein [126] and Meissner et al. [127]. Eq. 2.4 
shows the following reaction with CdSO4 being the major reaction product.  
CdS + O2 + hν → Cd
2+ + SO4
2− − − − (2.4) 
This transformation occurs only in the presence of both oxygen and light. The 
photostability of CdS QDs were measured from absorbance spectra since it is expected 
that any chemical transformation would be reflected by a reduction of the CdS UV-
visible absorbance spectra. WEs deposited with CdS3, CdS5, CdS7 and CdS9 were 
prepared and exposed to air and fluorescent light similar to general working conditions 
in the laboratory. The UV-visible spectra for the samples were measured every hour to 
check for variations. After 24 hours of exposure to light and oxygen, the peak 
absorbance of CdS3 reduced to 15% of its original value giving 85% degradation per 
day. The absorption spectra for CdS3 is shown in Fig. 2.13a which was also found to be 
blue-shifted compared to the original spectra. This indicates chemical transformation 
as well as reduction in the particle size for the CdS QDs since the study on size 
dependent bandgap revealed that the absorption spectra for smaller particles were 
considerably blue shifted than the larger ones. The peak absorbance for CdS5 exhibits 
less drastic reduction, reducing down to around 40% of its initial value after 24 hours 
of light exposure (Fig. 2.13b). Similar experiments were carried out on CdS7 and CdS9 
samples and the degradation rate was found to be less fatal for larger particles. This 
suggests the photo-induced degradation of CdS dots depend strongly on their particle 
sizes. Quantitative analysis by EDS shows that the atomic ratio of Cd and S does not 
change with the light exposure. However, the oxygen content increases in each sample 
indicating oxygen incorporation in the samples. The amount of CdS degradation for 
varying SILAR deposition cycles are given in Table 2.6. There have previously been 
reports of size dependent bandgap, photoluminescence, extinction coefficients, energy 
transfer for QDs. However, this would be the first reported size dependent 
photodegradation of CdS quantum dots where the smaller particles have faster 
degradation rate [128]. The experimental results and discussion on the chemical 
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transformation of these nanoparticles leading to faster photodegradation are 
explained in the following sub-sections.  
Table 2.6: Percentage degradation determined from percentage reduction of peak 
absorbance. 
 SILAR deposition cycles Amount of degradation (%) 
3 85 
5 59.8 
7 17.7 
9 19.9 
 
Wavelength (nm)
300 350 400 450 500 550 600
A
b
so
rb
an
ce
 (
a.
u
. )
0.00
0.02
0.04
0.06
0.08
0.10
0.12
CdS3_0h 
CdS3_1h 
CdS3_5h 
CdS3_24h 
      Wavelength (nm)
300 350 400 450 500 550 600
A
b
so
rb
an
ce
 (
a .
u
.)
0.00
0.03
0.06
0.09
0.12
CdS5_0h 
CdS5_3h 
CdS5_5h 
CdS5_24h 
 
Figure 2.13: Decrease in UV-visible spectra of CdS QDs made for 3 and 5 cycles. 
2.3.6.1  Chemical transformation 
To understand the chemical transformation in the samples which is apparent from the 
reduction of peak absorbance, X-ray photoelectron spectroscopy (XPS) analysis was 
performed on CdS7 deposited photoanode. The purpose of the experiment was to 
study the aftereffects of light exposure on a comparatively stable sample. Thus, CdS7 
was chosen rather than CdS3 which had the highest degradation rate. XPS is a highly 
surface sensitive technique extracting sample information mainly from the top 4 nm 
[129]. Detailed XPS measurements and later fitting was performed on each element 
were fitted using CasaXPS.  
 
(a) (b) 
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Figure 2.14: XPS spectra (fitted) for sulfur peak (a) before and (b) after 
photodegradation. 
The XPS peak position of Cd 3d was found at binding energy (BE) of 405.1 eV and that 
for S 2p was at 161.3 eV (Fig. 2.14a). The S 2p peaks corresponds to “sulfide” bonding 
in CdS [130]. After the sample was exposed to the previously mentioned fluorescent 
light conditions for six days, the new Cd 3d peak was found at BE = 405.6 eV which was 
similar to the BE of the sample before photodegradation. The reference XPS binding 
energy of Cd 3d due to CdS and CdSO4 bonds are almost identical and are spaced at 
405 eV [131] and 405.4 eV [132], respectively. Thus, evidence of chemical 
transformations from these two Cd 3d peaks was inconclusive. However, detailed 
analysis on S 2p peaks (Fig. 2.14b) revealed the previous peak for “sulfide” bonding at 
161.3 eV had disappeared and a new peak at BE = 168.8 eV was present instead. The 
new peak corresponds to “sulfate” bonds based on standard XPS data [132]. This 
conclusively shows that the loss in CdS absorbance owing to photodegradation is the 
result of surface CdS transforming into CdSO4.  
Fundamentally, the photo-induced degradation of semiconductor QDs is cause by 
hole-induced oxidation mechanism [133]. Under illumination, QDs generate electrons 
that are scavenged by surface adsorbed oxygen, leaving holes in the QDs. In the 
absence of efficient hole scavenger, the accumulated holes induce surface oxidisation 
of QDs. The reduced oxygen species can directly participate in the oxidation of sulfide 
(S2-) to form sulfate (SO42-). In the above process, surface chemistry plays a critical role 
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in determining the photodegradation rate because the oxidisation reaction is 
influenced by the content of surface sulfide of CdS particles. A higher content of 
surface sulfide will lead to a faster photodegradation. Theoretical calculation by 
Molecular Dynamics (MD) simulation was carried out to estimate the distribution of 
surface S2- and Cd2+ in CdS having variable sizes. The results are shown in Table 2.7 
where sulfide content in the 2.7 nm sized CdS QDs accounts for 19.2% of the total 
surface atoms. The surface sulfide content decreases significantly with the increase of 
the crystal size. For 4.7 nm and 5.6 nm sized CdS, the surface sulfide accounts for 
11.2% and 9.6% of total, respectively. The smaller particles have a larger surface area 
to interact with oxygen which combined with a higher percentage of sulfide in the 
surface of smaller dots, resulted in a faster oxidation of sulfides to sulfates. 
Table 2.7: Distribution of surface atoms of CdS with variable sizes by MD simulation. 
CdS particle size 
(nm) 
Surface S 
Anion (%) 
Surface Cd 
Cation (%) 
Total number of 
atoms 
2.7 19.22 18.98 411 
2.9 16.86 18.99 516 
3.6 14.99 14.27 981 
4.7 11.21 11.40 2176 
5.6 9.64 9.5 3704 
2.3.6.2  Surface passivation of CdS QDs using ZnS coating 
ZnS has a direct bandgap of 3.6 eV [9, 89] and is typically used in QD-sensitised solar 
cells (QDSCs) as a barrier layer between the QD and electrolyte to avoid chemical 
corrosion to the dots [134]. ZnS shell coating on the QD-sensitised photoanodes was 
done via SILAR method. Precursor solutions of 0.1 M zinc acetate dihydrate, 
Zn(CH3COO)2.2H2O and 0.1 M Na2S.9H2O in deionised water were prepared for ZnS 
deposition. Similar to CdS depositions, alternate immersion in zinc and sulfide 
precursor solutions were performed for ZnS fabrication. Rinsing time was 1 minute and 
the low volatility of water in room temperature lead to a longer drying time of 2 – 3 
minutes in nitrogen or argon gas flow. Growth of ZnS also follows the ion-by-ion 
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growth mechanism. Site specific adsorption of Zn2+ on S2- site of CdS crystals is 
followed by reaction with S2- anions to form ZnS [135]. Nucleation of ZnS with 
increasing SILAR cycles leads to formation of nanoparticles surrounding CdS to prevent 
contact with oxygen. Since the bandgap of ZnS corresponds to a cutoff wavelength at 
345 nm, no absorption in the visible region of the spectrum is expected from ZnS 
coating. Previous reports have [79, 92, 95] suggested decrease in quantum 
confinement of the CdS QDs due to ZnS coating apparent from red shift of the 
absorbance spectra.  
Wavenumber (cm-1)
200 300 400 500 600 700 800
I n
te
n
si
ty
 (
a.
u
.)
8000
10000
12000
14000
16000
18000
20000
CdS11 
CdS11/ZnS4 
335 cm-1
 
Figure 2.15: Raman spectra of CdS11-sensitised WEs with and without ZnS4 coatings. 
To confirm the formation of ZnS on CdS QD made by SILAR method, we performed 
Raman spectroscopy. The Raman spectra obtained for the films with CdS11/ZnS4 
depositions are illustrated in Fig. 2.15. ZnS4 denotes 4 cycle SILAR depositions of ZnS 
on the CdS11-sensitised photoanode. A new peak at 335 cm-1 is visible as a shoulder to 
the main 1LO CdS peak. This new peak was assigned to surface optical (SO) phonons 
vibration mode for wurtzite ZnS. The SO mode originates from the surface scattering of 
a material and is normally observed with nanoscale crystals [108, 136]. In contrast, the 
characteristic vibration of bulk ZnS at 274 cm-1 and 350 cm-1, respectively due to 
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transverse optical (TO) and LO were not observed. The fact that surface scattering 
dominates the Raman spectra of ZnS rather than volume scattering suggests that the 
deposited ZnS particles are very small and have high surface to volume ratio. 
Meanwhile, the previously observed 1LO CdS peak at 299 cm-1 and its overtone 2LO at 
598 cm-1 was shifted to 305 cm-1 and 607 cm-1, respectively. Both peaks are broader 
and the intensity of the 2LO peak was significantly reduced. As the 1LO and 2LO modes 
originate from surface scattering of CdS. The upshifting of both peaks is likely to be 
due to the combined influence of ZnS and CdS or a CdxZn1-xS alloy formation [135, 
137].  
Wavelength(nm)
300 350 400 450 500 550
A
b
so
r b
an
c e
 (
a.
u
.)
0.00
0.04
0.08
0.12
0.16
0.20
CdS3_Fresh 
CdS3/ZnS2_Fresh
CdS3/ZnS2_24h 
 Wavelength (nm)
300 400 500 600 700 800
A
b
so
rb
an
ce
 (
a.
u
. )
0.00
0.03
0.06
0.09
0.12
0.15
0h 
24h 
CdS5/ZnS2
 
Figure 2.16: Reduction in absorbance for CdS3 and CdS5-sensitised photoanodes after 
ZnS2 coatings. 
Since ZnS has proven effective in preventing chemical corrosion due to electrolyte in 
QDSC, experiments were performed with the aim of investigating whether ZnS shells 
could solely reduce or prevent photo-induced degradation of the CdS QDs. We 
prepared a CdS3 and CdS5-sensitised photoanodes in our experiment since they have 
shown fastest photodegradation. Two SILAR cycle depositions of ZnS coatings (ZnS2) 
were done on these photoanodes. The amount of degradation calculated from these 
measurements reflect the combined properties of CdS QDs and ZnS shells. In the 
previous section, an 85% degradation per day for CdS3 and around 60% for CdS5 was 
mentioned. The amount of degradations observed with ZnS2 coatings showed 
improvements for both samples. The degradation for CdS3/ZnS2 show improvement 
from 85% to 32% per day which meant that 68% of the original CdS was intact in the 
sample after 24 hours of exposure to light and oxygen. The CdS5/ZnS2 degradation 
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was found to improve from 60% to 10% per day. This clearly shows ZnS shells can 
reduce the photoinduced degradation of the CdS QDs. Fig. 2.16 shows the 
improvements in degradation rate for CdS3/ZnS2 and CdS5/ZnS2 samples.  
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Figure 2.17: Photo-stable CdS5-sensitised photoanodes with ZnS4 coatings. 
Four SILAR cycle depositions (ZnS4) were done on CdS5-sensitised WE to check 
whether the photocorrosion could be completely prevented. The amount of 
degradation reduced from 10% to 4% (Fig. 2.17) after almost 30 hours of exposure to 
test conditions. It was noticed that the 4% drop in absorbance occurred within the first 
hour of exposure and that the absorbance plot was stable after that. The small 
degradation could be due to the small amount of CdS coming in contact with air which 
were not completely covered by ZnS shells. Hence, the degradation of the 
photoanodes were found to be prevented effectively using 4 SILAR cycle deposited ZnS 
shells [128].  
2.4 CdSe quantum dots 
2.4.1 Preparation of Se-precursor solution 
The synthesis of CdSe via the SILAR method requires cationic (Cd2+) and anionic (Se2-) 
precursor solutions. 0.03 M Cd(NO3)2.4H2O in ethanol (abs) was prepared by stirring 
for 15 mins and used as cationic precursor solution. Selenium dioxide, SeO2 and 
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sodium borohydride, NaBH4 were used as starting materials to make Se-precursor 
solution. 0.03 M of SeO2 was added in ethanol (abs) inside a three neck flask under 
nitrogen or argon gas flow at room temperature. An inert reaction atmosphere was 
needed to ensure selenide ions or selenium products do not oxidise [138]. After 5 
minutes of stirring, 0.06 M NaBH4 was added inside the flask and the colour of the 
solution instantly turned to orange. Since the reaction requires 1:2 ratio of Se to 
NaBH4, the intermediate (after 20 minutes) brownish-red colour of the solution 
indicates possible formation of sodium diselenide, Na2Se2 [138] expected in case of a 
1:1 ratio mixture. After 60 minutes of constant stirring, NaBH4 completely dissolves 
and Se2- was formed. The solution colour changes from brownish red to slightly 
opaque. The overall reaction can be written as [51]: 
SeO2  +  2NaBH4 + 6C2H5OH → Se
2− + 2Na+ + 2B(OC2H5)3 + 5H2 + 2H2O − − − (2.5) 
The change in colour due to chemical transformation under constant stirring is shown 
in Fig. 2.18.  
   
Figure 2.18: Gradual change in colour of Se-precursor solution after 2, 20 and 60 
minutes of stirring. 
2.4.2 CdSe deposition 
The procedure of CdSe deposition was similar to that of CdS and done via the SILAR 
method. The WEs were dipped in cationic precursor of Cd2+ for 30 s and rinsed in 
ethanol solution for a minute. The samples were later dried in nitrogen or argon gas 
flow. The rinsing step was required to remove the excess Cd2+ ions. For Se deposition, 
the sample was then dipped inside the Se2- solution for 30 s. The change in colour for 
the photoanodes occurs during immersion in the Se2- solution indicating the CdSe 
(2 mins) (20 mins) (60 mins) 
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formation. The samples were then rinsed and dried for a minute each. The SILAR 
deposition cycles were repeated for 3, 5, 7 and 9 cycles to have photoanodes of 
varying particle sizes and CdSe concentration as shown in Fig. 2.19. 
 
Figure 2.19: CdSe deposited photoanodes with varying SILAR deposition cycles (3, 5, 7 
and 9). 
2.4.3 Particle crystallinity 
Similar to CdS, the XRD patterns for CdSe in the films could not be retrieved. SAED 
pattern with HR-TEM was performed alternatively to determine particle crystallinity.  
 
Figure 2.20: Electron diffraction pattern obtained for CdSe nanoparticles. 
The diffraction pattern for 5 SILAR cycles deposited CdSe on the copper grids is shown 
in Fig 2.20. It shows continuum rings similar to that for CdS. The d spacing values 
obtained from diffraction pattern (Table 2.8) confirm the formation of CdSe in the 
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films. The d values shown in Table 2.8 indicated the synthesised CdSe was hexagonal in 
phase. 
Table 2.8: d-spacings for CdSe nanoparticles. 
No. of rings h k l Calculated d 
values  
(nm) 
Reference [139]  
d values for  
hexagonal CdSe (nm) 
1 1 0 1 0.33 0.326 
2 1 1 0 0.211 0.212 
3 1 0 3 0.201 0.196 
4 0 0 4 0.17 0.173 
5 2 0 3 0.142 0.144 
6 1 0 5 0.129 0.129 
7 0 0 6 0.115 0.115 
Both CdSe and CdS prepared by SILAR method are hexagonal in phase with unit cell 
parameters, a of 0.4257 nm [139] and 0.4141 nm [116], respectively, this gives a lattice 
mismatch of +2.7%. The presence of lattice mismatch at CdSe/CdS interfaces of 
materials leads to compressive or tensile strains which introduces interfacial defects. 
These defects work as recombination centres, negatively affecting electron transport. 
Larger lattice mismatch can lead to deteriorating electronic and optical properties of 
materials [140, 141]. However, the effect interfacial lattice mismatch on device 
efficiency was not one of the specific objectives of this research and was not further 
studied.  
2.4.4 CdSe formation 
The peaks at 144 cm-1, 196 cm-1, 399 cm-1, 513 cm-1 and 639 cm-1 observed in the 
Raman spectra of TiO2 (Fig. 2.21) were five of the six allowed modes for anatase TiO2. 
There was a strong new peak at 209 cm-1 which closely matched the 1LO peak for bulk 
CdSe (210 cm-1) [142].  
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Figure 2.21: Raman spectra of CdSe7 deposited films compared to a bare WE. 
The slight redshift of 1 cm-1 is consistent with phonon confinement in nanoparticles 
[110] but is less pronounced. The reason for this less pronounced redshift due to 
phonon confinement could be explained from reported blue shifts of Raman peaks 
[143] arising from the compressive strains. The lattice constants for hexagonal CdSe 
and anatase TiO2 are 0.4257 nm and 0.378 nm [144], respectively. This mismatch 
causes compressive strain on CdSe nanoparticles. The broader peak at 407 cm-1 could 
be due to its overtone (2LO) overlapping with the TiO2 peak at 399 cm-1. The 
characteristic 1LO peak is clear evidence of CdSe formation on TiO2 films. EDS mapping 
of the film also confirmed the homogeneous distribution of Cd and Se in the films. The 
films were initially Se-rich and the extra Se atoms could be forming Na-Se compound 
since Na was detected in the EDS measurement. The Raman peak for Na2Se2 has been 
reported at 252 cm-1 [145]. This could explain the broad shoulder around 255 cm-1 in 
Fig. 2.21. However, with increasing SILAR cycles, the extra Se atoms are greatly 
reduced indicating Se incorporation contributes almost entirely to CdSe formation.  
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2.4.5 Quantum confinement in CdSe nanoparticles 
Compared to CdS, particle aggregation and coverage of copper grid was higher in case 
of CdSe. This made it harder to identify unit particles and the larger aggregations were 
again not considered in the calculation of the average particle sizes. The particle sizes 
for 3 – 9 cycles deposited CdSe varies between 3.3 – 4.6 nm and are shown in Table 
2.9. This is well below the Bohr radius of bulk CdSe (ao = 5.6 nm) [100] making the CdSe 
nanoparticles synthesised by SILAR method to be ideal to observe quantum 
confinement.  
Table 2.9: Particle size of CdS made by SILAR method. 
SILAR deposition cycles Average particle size 
(nm) 
3 3.3 
5 3.9 
7 4.3 
9 4.6 
The HR-TEM images for the CdSe particles are shown in Fig. 2.22. As seen in the figure, 
the CdSe nanoparticles were highly aggregated and solitary particles were less in 
number. EDS analysis also showed higher CdSe loading the samples (shown in Chapter 
3, Section 3.6.1) than CdS for 3 – 9 deposition cycles. Such high loading of CdSe should 
also contribute to a stronger light absorption. The high CdS content consisting of larger 
particle clusters could be expected to result in larger particle size dispersion with a 
relatively weaker quantum confinement effect. The particle size variation was 
narrower (3.3 – 4.6 nm) for 3 – 9 deposition cycles compared to CdS. The average 
particle sizes were thus determined by careful measurement taking into account 
distinguishable solitary particles.  
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Figure 2.22: HR-TEM images of CdSe particles for varying SILAR deposition cycles. 
The particle size distribution is shown in the histogram plots in Fig. 2.23. For CdSe3, 
82.5% of the particle counts fall within the three middle histograms with only 30% in 
the central particle size range. For CdSe9 sample, the middle histogram particle count 
was only 25.5% with a more evenly distributed particle count. This indicates the CdSe 
nanoparticles have a much higher size dispersion of compared to CdS as expected from 
the aggregates observed in the HR-TEM images. The higher size dispersion observed 
for CdSe, however, would introduce a better mix of larger and medium sizes particles 
resulting in an improvement of absorption and IPCE near the λcutoff.  
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Figure 2.23: Size distribution for CdSe nanoparticles with varying SILAR deposition 
cycles. 
Table 2.10: Bandgap of CdSe nanoparticles. 
 Particle size (nm) Experimentally 
observed bandgap 
values (eV) 
Theoretical bandgap 
values (eV) 
Percentage 
deviation from 
theoretical (%) 
3.3 2.02 1.99 -1.5 
3.9 1.9 1.905 +0.26 
4.3 1.84 1.877 +1.97 
4.6 1.78 1.855 +4.04 
For the calculations of λcutoff and theoretical Emin, the bulk bandgap (Eg) of CdSe would 
be taken to be 1.73 eV [9]. The λcutoff was 718 nm corresponding to bulk CdSe 
(calculated from Eq. 2.3). Size dependent blue shifts in the absorbance spectra would 
suggest QD nature of the CdSe nanoparticles. Fig. 2.24 shows the absorbance spectra 
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for SILAR deposited (3 – 9 cycles) CdSe particles. The absolute value of UV-visible 
absorption for the samples were saturated in the region of absorption and the cutoff 
wavelength could not be determined accurately from those UV-visible spectra. 
Alternatively, the percentage absorption spectra was determined to determine the 
cutoff region for the QDs deposited by different SILAR cycles. 
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Figure 2.24: Blue shifts in absorbance spectra for CdSe nanoparticles. 
The absorbance for 3.3 nm CdSe particles (3 SILAR cycle depositions) was blue shifted 
to 615 nm. The λcutoff changes from 615 nm (for 3.3 nm particles) to 695 nm (for 4.6 nm 
particles) with increase of SILAR deposition cycles. The observed bandgaps for the 
CdSe QDs are given in Table 2.10. In the 3.3 – 4.6 nm particle range, the bandgap was 
observed to increase by 0.184 eV for every nm decrease in particle size suggesting a 
strong quantum confinement. Larger CdSe particles exhibited less prominent blue 
shifts characteristic of weak quantum confinement. The bandgap determined for 9 
cycle deposited films was 1.78 eV approaching bulk CdSe behaviour. The study on QDs 
for this research was limited to investigating nanoparticles with strong confinement 
effects and its application in QD-sensitised solar cells. Thus, higher SILAR deposited 
photoanodes were not further studied since CdSe nanoparticles deposited with 11 
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cycles and above were expected to behave more like bulk material exhibiting weaker 
quantum confinement effects.  
The variation of experimentally calculated bandgaps along with theoretical CdSe 
bandgaps for the decreasing particle sizes are shown in Fig. 2.25. The size distribution 
histograms in Fig. 2.23 show a broader size distribution for the CdSe nanoparticles. For 
9 cycle deposited sample having average particle size of 4.6 nm, the CdSe bandgap is 
1.78 eV which is close to the bulk value. In this case, the larger deviation (~4%) for the 
two bandgap plots is likely to be arising from the loss of confinement of CdSe QDs due 
to particle aggregation and broader size distribution.  
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Figure 2.25: Deviation of experimentally calculated bandgap from theoretical values 
2.4.6 Photostability 
Photodegradation in CdSe QDs have been studied in great detail [133, 146, 147]. Tvrdy 
and Kamat reported [147] that presence of oxygen and light is needed for anodic 
corrosion. In order to perform device fabrication and optimisations, large numbers of 
CdSe-sensitised photoanodes were required to be prepared and stored for longer 
times. Any decrease in the UV-visible absorption of the CdSe-sensitised photoanodes 
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kept under dark conditions would indicate chemical transformation of the samples. 
Thus, the UV-visible absorption of the CdSe-sensitised photoanodes under dark 
conditions were measured to determine whether the samples remained stable under 
dark conditions which was necessary for longer storage.  
The UV-visible absorption spectra of CdSe QDs were measured and kept covered in 
aluminium foil to avoid exposure to light for 52 days under atmospheric conditions. 
The spectra for the CdSe7 and CdSe9 QDs were measured after 52 days to check for 
variations. Fig. 2.26 shows the absorbance spectra for CdSe7 showing a slight 
reduction for CdSe9 sample was almost exactly the same as the new sample. This 
indicates the photoanodes can be stored for longer times without degradation. The 
slight deviation in the absorbance spectrum could be attributed to the variation of the 
two TiO2/TCO baselines measured separately 52 days apart.  
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Figure 2.26: The absorbance spectra for CdSe7 and CdSe9 recorded 52 days apart 
(covered in aluminium foil under dark conditions) showing no chemical 
transformation.  
2.5 Conclusions 
In this chapter, CdS and CdSe QDs properties relevant to solar cell application were 
studied. Both QDs were fabricated via SILAR method. Efforts to obtain crystalline 
structure of the particles with XRD failed. Alternatively, the crystallinity was 
determined from SAED pattern recorded with HR-TEM. The CdS nanoparticles were 
found to have hexagonal crystal structure. The CdS particle sizes were in the range of 
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2.7 – 4.7 nm, respectively for 3 - 9 SILAR depositions which was below the Bohr radius 
of CdS. The strong confinement was not observed for CdS beyond 9 deposition cycles. 
UV-visible absorbance plots for CdS showed a strong blue shift which corresponds to 
varying bandgaps. Since the particle sizes were below the Bohr radius, this blue shift 
was correlated to reduction in particles sizes. The CdS nanoparticles deposited by 
SILAR exhibited quantum confinement confirmed from their size dependent bandgap. 
Analysing the increase in QD loading, surface coverage and size distribution shed light 
on how the SILAR deposition contributes to the formation and growth of CdS 
nanoparticles. The initial three cycles contribute mainly to produce new adsorption 
centres and particle formations. The 3 – 5 cycle depositions contribute to both particle 
growth via layer by layer accumulation and new particle formations. Beyond 7 cycle 
depositions, the Cd2+ and S2- ions accumulate on the already loaded CdS particles and 
coverage of the TiO2 surface become saturated. The adsorbed CdS QDs reach 
saturation of peak light absorption at 9 cycles where the quantum confinement effect 
slowly started to diminish. CdS-sensitised photoanodes were found to chemically 
degrade in the presence of oxygen and air. The photodegradation of CdS nanoparticles 
were investigated in detail. The rate of photodegradation was observed to be 
dependent on particle sizes of CdS with the smaller particles degrading fastest. XPS 
analysis revealed that the surface sulfides turn to sulfates in the presence of oxygen 
and air. Molecular dynamics (MD) simulation was performed for CdS nanoparticles 
which revealed that the smaller CdS dots have higher percentage of surface sulphide 
which leads to faster oxidisation of CdS. ZnS coatings were done on CdS QDs using 
SILAR method to check whether the coatings can prevent photodegradation. Four 
cycles of ZnS coatings was adequate to prevent photoinduced degradation of CdS QDs 
almost entirely.  
The existence of CdSe nanoparticles deposited by SILAR was confirmed by Raman 
spectroscopy. The nanoparticles were found to have hexagonal structure determined 
from electron diffraction pattern. The particles were highly dispersed and the 
aggregation of the CdSe nanoparticles observed from TEM images was higher than 
that for CdS. For 3 – 9 SILAR deposition cycles, the CdSe particle sizes were in 3.3 – 4.6 
nm range. The bulk CdSe cutoff wavelength of 718 nm was observed to be blue shifted 
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to 615 nm (Eg = 2.02 eV) for 3.3 nm sized CdSe particles from UV-visible spectra. The 
blue shift becomes less pronounced as the particle size was increased. For 9 cycles 
deposition of CdSe the bandgap corresponding to average particles sizes of 4.6 nm was 
determined to be 1.78 eV. The experimental bandgap values followed the theoretically 
calculated values with higher percentage deviation compared to that seen for CdS due 
to larger size dispersion and particle aggregation in the case of CdSe. The UV-visible 
absorbance spectra for CdSe-sensitised photoanodes (7 and 9 deposition cycles) were 
observed 52 days apart. The photoanodes were covered with Al-foil to protect from 
light exposure. There were no signs of chemical transformation indicating that these 
photoanodes could be stored for longer times if they were protected from light. 
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Fabrication and Optimisation of Quantum Dot-
sensitised Solar Cells 
 
3.1 Introduction 
This chapter focuses on fabrication of quantum dot-sensitised solar cells (QDSC) and 
optimisation of the device components for high energy conversion efficiency. The 
chapter is divided into four sections. The first section covers fabrication and 
characterisation of Cu2S/brass and Cu2S/FTO CEs. The catalytic activity between 
electrolyte/Cu2S interface have been studied for these two CEs and compared to that 
of iodide/tri-iodide electrolyte and Pt-FTO in the case of standard DSCs. In the second 
section, the performance of CdS-sensitised solar cells have been optimised by varying 
ZnS shell depositions, photoanode sintering time and thickness of the porous TiO2 film 
layer. The third section of this chapter investigates the effect of various electrolyte 
compositions containing polysulfides on the QDSC efficiency to identify the best 
performing electrolyte for QDSCs. The fourth section includes the effect on solar cells 
performance due to separate and combined anode treatments such as inclusion of 
TiO2 blocking layer and TiCl4 treatment.  
3.2 Experimental section 
3.2.1 Material characterisation 
EDS analysis for the brass foils was performed with Quanta 3D SEM and the brass 
thicknesses were measured using a screw gauge. EDS mapping and images of the top 
Cu2S surface were measured with JEOL JSM-7001F field-emission SEM (FESEM).  
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3.2.2 Electrochemical impedance spectroscopy 
EIS measures the impedance parameters (magnitude, phase, real and imaginary 
components, etc.) for two or three electrode “electrochemical device or system” by 
applying a small sinusoidal ac voltage, vac of varying electrical frequencies fin. The input 
frequencies are typically between 100 mHz to 50 KHz. Electrical resistors are affected 
by source frequencies above the MHz range [148]. Thus, for EIS measurements, 
resistive elements are not considered to be a function of fin. Electrochemical systems 
tend to form double layer capacitance at an electrolyte/electrode interface or a 
coating capacitance for coated substrates. This capacitance is represented as 
capacitive reactance, XC in the electrical circuit and is a direct function of the source 
frequencies (ω = 2πfin) shown in Eq. 3.1.  
XC =
1
ωC
− − − (3.1) 
The impedance of device under test (DUT), Z is determined by dividing vac (Eq. 3.2) by 
the sinusoidal current, iac resulting from vac (Eq. 3.3). The positive phase shift, θ in iac is 
due to XC in the circuit which also gives the overall device impedance (Z) a negative 
imaginary value (Z”). The real part (Z’) of the overall impedance comes from resistive 
elements present in the system. Eq. 3.4 describes the impedance in Cartesian and 
Polar coordinates. The magnitude (|Z|), phase (θ), Z’ and Z” are determined from the 
Eq. 3.5 – 3.8, respectively.  
𝑣ac = VSinωt − −  − (3.2) 
𝑖ac = ISin(ωt + θ) −  − − (3.3) 
Z =
𝑣ac
𝑖ac
= Z′ −  jZ" = |Z|∠θ − −  − (3.4) 
|Z| = √((Z′)2 + (Z")2) − − − (3.5) 
θ = tan−1
Z"
𝑍′
− − − (3.6)  
Z′ = |Z|Cosθ −  − − (3.7) 
Z" = |Z|Sinθ − − − (3.8) 
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The “Bode plots” (|Z| vs. fin and θ vs. fin) are significant to visualise frequency response 
of a device under test (DUT) and determine its input impedance, linearity, pass bands, 
etc. The more meaningful solar cell circuit parameters for the DUT are obtained from 
“Nyquist plots” where –Z” is plotted against Z’. By modelling the DUT with an 
appropriate electrical circuit, electrical resistance corresponding to the charge 
transport, transfer, recombination and capacitance relating to build-up of interfacial 
charges could be determined. The double layer capacitance between electrolyte and 
electrode is usually modelled by an imperfect capacitor called constant phase element, 
CPE to account for inhomogeneity of the electrode surface. Eq. 3.9 gives the CPE 
impedance where the parameter α in is an empirical constant having values between 0 
– 1. In case of a perfect capacitance, α = 1.  
ZCPE =
1
(jωC)α
− − − (3.9) 
The diffusion of ionic species in electrolytes is modelled in Nyquist plots with a 
Warburg impedance, ZW shown in Eq. 3.10. R is the diffusion constant, τ is diffusion 
time constant and β is an empirical constant having values between 0 – 1.  
ZW =
Rtanh (jωτ)β
(jωτ)β
− − − (3.10) 
The EIS measurements for the experimental data in this chapter were performed on an 
electrochemical workstation (VersaSTAT 3). The Nyquist plots were obtained by 
applying ac bias, vac = 10 mV to the cells in the frequency range of 0.1 – 50000 Hz. A dc 
bias, VDC = -VOC was applied to achieve open circuit conditions for the solar cells under 
measurements conditions.  
3.2.3 I-V characterisation 
The I-V measurements for CdS-sensitised solar cells were done using a high pressure 
sodium lamp (1000 W) solar simulator. The light intensity was calibrated to 1 sun 
(1000 Wm-2) intensity using a photodiode. Koide and Han reported [149] that 
compared to Si solar cells, DSCs have higher device capacitance and larger time 
constant. To compensate for this effect, they suggested to take the average data of 
forward (0 V to VOC) and reverse scans (VOC to 0 V) for the I-V measurements and a 
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minimum sampling delay of 40 ms. Since QDSC are similar to DSC in terms of device 
layout, the I-V characterisation was performed according to the suggested DSC 
measurement standards. The I-V measurements for the CdSe/CdS-sensitised solar cells 
were done using a 150 W Xenon lamp solar simulator. An optical filter was used to 
match the output spectra to standard AM 1.5 G and the light intensity was measured 
using a Si-solar cell calibrated under AM 1.5 G spectrum and 1 sun (1000 Wm-2) 
intensity. At least three devices were prepared for each measurement and the best cell 
results are published here. The QDSCs used in the studies determining role of 
methanol as active electrolyte component (Sections 3.7.3 and 3.7.4) and anode 
treatments (Section 3.8) were prepared by depositing ZnSe shells on the photoanodes. 
Detailed study of the effects of ZnSe shells on the device efficiency is covered in 
Chapter 4.  
3.2.4 Fabrication of Pt-doped CEs 
Pt/FTO-symmetrical cells were prepared by depositing Pt on clean FTO substrates. A 
stock solution of 5 mM chloroplatinic acid hexahydrate, H2PtCl6.6H2O in isopropanol 
was prepared. The TEC15 FTO was cleaned by sonicating in water/detergent, deionised 
water, acetone, isopropanol and ethanol baths, each time for 15 minutes. The 
chloroplatinic acid solution was deposited on the cleaned FTO substrates through drop 
casting. Later the substrates were sintered in a furnace at 400°C for 30 minutes. The 
two electrodes were clipped together after dropping electrolytes between them and 
later tested for EIS measurements. 
3.2.5 Fabrication of TiO2 compact layer 
The TiO2 compact layer was fabricated via spray pyrolysis using a hand held spray gun. 
0.2 M titanium(IV)-bis(acetylacetonate)-diisopropoxide, TBAD (75% solution) in 
isopropanol (1:9 v/v) was prepared as spraying solution to fabricate the compact TiO2 
film on FTO. The target FTO was placed on a hot plate at 500°C. Two pulses of the 
solution were sprayed towards the target TCO with a 10s interval for 2 mins. The films 
were then allowed to cool down to room temperature. TiO2 porous films were later 
doctor bladed on top of the compact layer and sintered in the furnace. The 
concentration of TBAD in isopropanol could be diluted to make thinner TiO2 layers. For 
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example, a 0.05 M solution in isopropanol (1: 39 v/v) would create a 20 – 40 nm thick 
TiO2 film [150]. 
3.3 Cu2S on brass CEs 
The use of alternate light absorbers, such as semiconductor QDs in the DSC-type 
systems leads to a new problem, since the conventionally used iodide/tri-iodide 
electrolytes have proven corrosive to the QDs [70, 95]. Alternatively, the use of 
polysulfide electrolytes to avoid corrosion losses has proven to be a better match for 
QDSCs. Besides Pt-FTO a number of new CE materials like Au, Au-Pd, graphite, Cu2S, 
PbS and CoS have been studied for QDSCs [79, 81, 96-99].  Hodes and Manassen’s 
studies have shown that Cu2S, PbS and CoS have superior catalytic activity with 
polysulfides. A number of papers have reported [90-92] credible QDSC efficiencies 
using Cu2S/brass CEs. The comparison between catalytic activity at electrolyte/Cu2S 
interface for QDSC and to that at electrolyte/Pt interface would help to quantify how 
well Cu2S/brass CEs performs compared to Pt/FTO CEs (for optimised DSCs) and 
whether catalytic activity between Cu2S and polysulfides could be a limiting factor for 
achieving high performing devices. 
3.3.1 Preparation of Cu2S on brass CEs 
Hodes et al. have reported [97] that a higher Zn content in brass improves the 
mechanical stability of the electrode and that Cu:Zn ratio of 70:30 was proven to be 
the most effective composition. Two different brass samples were used in preparing 
the CEs in this study. The EDS elemental analysis and thickness of each sample are 
given in Table 3.1.  
Table 3.1: The properties of different brass samples used in experiments. 
Brass 
Sample 
Cu content 
(% atoms) 
Zn content 
(% atoms) 
Brass thickness  
(µm) 
1 65.6 27.5 80 
2 63.5 26.5 220 
 
103 
 
As seen in Table 3.1, the Cu:Zn ratio was quite similar for both samples and very close 
to the desired ratio of 70:30. The fabrication of Cu2S on brass foil was achieved by 
following the method which includes two main steps: 
(a) Exposing copper from the brass foil 
(b) Reaction of the exposed copper with sulfur to form Cu2S on brass 
The first step was achieved by dipping the brass foil in 32% HCl solution at 70°C. After 
10 – 15 minutes the colour of the brass changed to pink and the HCl solution colour 
changed from transparent to yellow. The pink colour indicated exposure of Cu from 
the brass foil. The yellow colour of the HCl solution was due to dissolution of Zn from 
brass. The foils were dried initially with nitrogen gas flow and later on a hotplate at 
100°C for 30 minutes. 
 
  
Figure 3.1: EDS mapping done on the Cu2S surface showing homogeneous Cu and S 
distribution. 
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After the brass foils were cooled down to room temperature a few of drops of 
polysulfide electrolyte was put on the brass surface. The foils were masked with Teflon 
tape to allow clean brass space for a contact probe. The colour of the brass foil 
exposed to the polysulfide electrolyte changed from pink to black after 5 – 10 minutes 
suggesting formation of Cu2S [92]. The CE foils were later rinsed with methanol and 
dried on hot plate for 2 hours at 120°C. Excess Cu2S formed on the contact area of the 
brass was etched away using sandpaper.  
EDS analysis performed on the surface of the CE shows Cu:S atomic ratio of 2:1.05 
indicating a near perfect stoichiometric ratio for Cu2S. EDS mapping revealed 
homogeneous distribution of Cu2S throughout the top surface (Fig. 3.2). A previous 
report by Han et al. [32] has shown that an increase in roughness factor of the Pt-CE 
reduces charge transport resistance at the CE/electrolyte interface because a higher 
roughness factor resulted in enhanced surface area to interact with the electrolyte and 
thereby improving the charge transfer process at the interface. The highly porous Cu2S 
surface shown in Fig. 3.2 is ideal for a low charge transport resistance for the 
Cu2S/electrolyte interface. 
  
Figure 3.2: FESEM image of top surface of Cu2S/brass CE. 
3.3.2 Impedance studies on Cu2S/brass-half cells 
Cu2S/brass-half cells with CE/electrolyte/FTO configuration were prepared to measure 
the charge transfer resistance at the CE/electrolyte interface. The two electrodes were 
clipped together using surlyn spacer (Solarnix) of 25 µm thickness. The first semicircle 
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arc observed in Nyquist plots for the half cells gives the total charge transfer 
impedance, Zarc which reflects the combined charge transfer impedance between 
electrolyte and the two electrodes (FTO and CE). Zarc is represented by a resistance, Rarc 
and capacitance, Carc in parallel. A low Rarc value would suggest high catalytic activity 
between the electrolyte and these two electrodes (CE and TCO).  
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Figure 3.3: Nyquist plots for Cu2S/brass-half cells prepared with 10 and 15 minutes of 
HCl treatment. 
Dipping time of brass foils in HCl was varied to check whether longer dipping times 
would result in Cu2S formation resulting better catalytic activity with polysulfide 
electrolyte. Cu2S/brass CEs were prepared with 5, 10 and 15 minutes of HCl treatment. 
Half cells were prepared using these three CEs having different treatment durations 
and an electrolyte (EL01) with composition of 1 M Na2S.9H2O, 0.1 M S and 0.1 M NaOH 
in Milli-Q water. The Nyquist plots for the half cells are shown in Fig. 3.3. The 
equivalent circuit used to fit the Nyquist plots is labelled as “Model 1” (Fig. 3.3) where 
Rs is sheet resistance of the FTO, R1 is charge transfer resistance (Rarc) between the 
electrolyte and the two electrodes (CE and FTO) and CPE1 is a constant phase element 
representing imperfect interfacial capacitance between electrolyte and electrodes in 
the half-cells. The R1 for the Nyquist plots with HCl treatment durations of 10 and 15 
Model 1 
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minutes were 28.4 Ω and 24 Ω, respectively. Thus, for having lower Rarc, HCl treatment 
time of 15 minutes was chosen to prepare Cu2S/brass CEs. 
The effect of reaction time between exposed Cu and polysulfide on the catalytic 
activity of Cu2S with electrolyte was also investigated. Brass substrates prepared with 
15 minutes of HCl treatment were exposed to 5, 10 and 15 minutes (labelled as Sample 
A, B and C, respectively) in polysulfide electrolyte. The Nyquist plots for Sample B and 
C are shown here in Fig. 3.4. The plots were fitted with “Model 1” equivalent circuit 
shown in Fig. 3.3. The fitted results for sample B and C Nyquist plots have R1 values of 
11.9 Ω and 8.2 Ω, respectively. The lower charge transfer resistance of 8.2 Ω for 
sample C indicates higher catalytic activity between polysulfide electrolyte and Cu2S. 
Thus, 15 minutes of HCl treatment followed by 15 minutes of reaction time with 
polysulfide electrolyte were chosen for fabricating Cu2S/brass CEs.  
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Figure 3.4: Nyquist plots for sample B and C and equivalent circuit for fitting data. 
3.3.3 Catalytic activity comparison between QDSC and DSC 
Cu2S/brass-symmetrical cells with “CE/electrolyte/CE” configuration were prepared to 
assess how well the Cu2S/brass and polysulfide electrolyte combination works in the 
photoelectrochemical (PEC) system compared to that in standard DSCs. DSCs have 
been optimised to work efficiently with iodide/tri-iodide electrolyte (ELDSC1) and 
Pt/FTO CEs. Charge transfer occurs twice in symmetrical cells and RCu2S (= 
Rarc 
2
) is half 
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of the total charge transfer resistance, Rarc of the device. Charge transfer resistance 
values (RCu2S and RPt) obtained from Nyquist plots would set a reference point for the 
catalytic activity between Cu2S and polysulfide in QDSCs to be compared to that 
between ELDSC1 and Pt/FTO for optimised DSCs. If RCu2S values are similar or lower order 
compared to RPt, it would suggest that the charge transfer process between Cu2S and 
polysulfides is sufficiently high and not a limiting factor for achieving high performance 
QDSCs.  
Six different electrolytes having iodide/tri-iodide redox couple were previously 
measured for DSCs performance and ELDSC1 was identified as the best DSC electrolyte 
composition. ELDSC1 was chosen in to prepare the Pt/FTO symmetrical cells having a 
composition of 0.6 M 3-propyl-1-methylimidazolium iodide (PMII), 0.2 M sodium 
iodide (NaI), 0.06 M iodine (I2) and 0.5 M 4-tert butylpyridine (TBP) in 3-
methoxypropionitrile (MPN). A new polysulfide electrolyte composition (EL06) for 
making the Cu2S/brass-symmetrical cells was used having 1 M Na2S.9H2O, 1 M S and 
0.1 M NaOH in methanol/water (7:3 v/v) composition. 
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Figure 3.5: Nyquist plots for Pt-FTO and Cu2S/brass-symmetrical cells and 
corresponding equivalent circuit (on top) for fitting the plots. 
Model 2 Model 1 
108 
 
The first semicircle in the Nyquist plots (Fig. 3.5) denotes the total charge transfer 
impedance, Zarc for the symmetrical cells. A revised equivalent circuit based on 
previous report [151] called “Model 2” was used to fit the Nyquist plot for Pt-FTO 
symmetrical cells to account for the second trailing semicircle. The Warburg 
impedance parameter, Ws1 represents diffusion of redox species (second semicircle). 
The charge transfer resistance values, RCu2S = 1.25 Ω and RPt = 5.65 Ω were determined 
by fitting the corresponding Nyquist plots. Since RCu2S is 4.5 times lower than RPt, it 
indicated the charge transfer between Cu2S and polysulfides was sufficiently higher 
compared to that between ELDSC1 and Pt-FTO. This was a clear indication that the 
combination of polysulfide electrolyte and Cu2S/brass CE would not be a limiting factor 
for achieving high performing QDSCs. It is worth noting that the Rarc or R1 values 
obtained for Cu2S/brass-half cells were around 8 – 13 Ω which is much higher than the 
Rarc (=2.5 Ω) observed for symmetrical cells. The increased resistance for half cells  
(FTO/electrolyte/CE) are due to the lower catalytic activity between the polysulfide 
electrolyte and FTO interface which is not present in case of symmetrical cells 
(CE/electrolyte/CE). 
Table 3.2: Resistance data from Nyquist plots data fitting. 
Symmetrical cell 
electrode 
Sheet resistance 
(Ω) 
Charge transfer 
resistance (Ω) 
Cu2S/brass 0.83 2.5 
Pt/FTO 23.5 11.3 
Brass, being a conductor has a much lower resistance (0.01 Ω/mm) than the 
semiconducting TCO layer in TEC15 (3.04 Ω/mm). The sheet resistance (Table 3.2) 
obtained for Cu2S/brass-cells was thus considerably lower than that in Pt/FTO 
symmetrical cells since the sheet resistance depends solely on the conductivity of the 
substrate. The sheet resistance is a part of the device series resistance and having a 
higher sheet resistance would have negative impact on the fill factor and overall device 
efficiency. The higher conductivity of brass thus has the advantage of lower series 
resistance and higher fill factor over the conventionally used FTO substrates for DSCs.  
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3.4 Cu2S on FTO CEs 
Despite the high catalytic activity observed for Cu2S and polysulfides, a number of 
challenges relating to fabrication of solar cells were anticipated. Conventionally, DSCs 
are made with two electrodes sandwiched together with a surlyn film. Holes are drilled 
in the CEs to allow for injection of the electrolyte after the electrodes are sealed. In 
case of QDSCs, since the CE substrate is brass, it would be a challenge to drill holes and 
fill the electrolyte though them in a similar fashion without shorting the electrodes. 
Since Cu2S has such good catalytic activity with polysulfides, it would be convenient to 
have the Cu2S deposited on FTO to fabricate Cu2S/FTO CEs. To achieve this objective, 
Cu2S powder was synthesised via hydrothermal method. The material was then used 
to make paste by mixing with terpineol. Later the paste was spin coated on clean FTO 
substrates to make Cu2S/FTO CEs. EIS measurements were carried out on these 
Cu2S/TCO CEs to determine catalytic activity between Cu2S/FTO CEs and polysulfide 
electrolytes.  
3.4.1 Cu2S synthesis via hydrothermal method 
1 gm of CuCl and 1.5 gm of Na2S.9H2O were added as precursor materials in 100 mL of 
Milli-Q water and stirred for an hour. The Cu2S was formed as solid precipitate and 
collected using a filter paper and drying in vacuum oven at 60°C for 2 hours. The dried 
powder was grinded with a mortar and pestle to make finer Cu2S particles.  
3.4.2 Catalytic activity of Cu2S/FTO symmetrical cells 
Five different Cu2S pastes consisting of 0.24%, 0.67%, 1%, 5% and 20% Cu2S 
concentrations (w/w) in terpineol were prepared. Cu2S/FTO-symmetrical cells were 
prepared with two holes drilled on one of the clean FTO substrates beforehand to 
inject the electrolyte. The pastes were spin-coated on the clean FTO substrates and 
sandwiched together to complete the symmetrical cell configuration. At least three 
cells were prepared for each type of the symmetrical cells to account for performance 
variations. The Nyquist plots obtained for three of the better performing symmetrical 
cells are shown in Fig. 3.6.  
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Figure 3.6: Nyquist plots for Cu2S/FTO-symmetrical cells with varying Cu2S percentage 
in the pastes. 
The plots were all fitted with “Model 1” equivalent circuit. Charge transfer resistances 
at the Cu2S/electrolyte interface, RCu2S were 52.25 Ω and 47.05 Ω for the CEs prepared 
with 0.24% and 0.67% Cu2S pastes, respectively. Two of the other symmetrical cells 
made with 1% and 5% Cu2S pastes had unusually high RCu2S and the plots are not 
shown here. The cell made with 20% Cu2S paste produced a comparatively higher RCu2S 
of 153.75 Ω. These resistance values were much larger compared to that obtained for 
Cu2S/brass-symmetrical cells (RCu2S = 1.25 Ω). Apart from the high resistance, the 
stability of the adsorbed Cu2S on FTO was not promising. After coming into contact 
with the electrolyte, the Cu2S peeled off, leaving the FTO bare. TiO2 paste used for 
preparing WEs was added in the Cu2S paste with terpineol to increase the adhesion of 
Cu2S on FTO. The stability of Cu2S/FTO CE did not however, improve after contact with 
polysulfides. For the fabrication of QDSC, Cu2S/brass CEs were chosen considering 
better stability and higher catalytic activity. 
3.5 CdS-sensitised solar cells 
In the previous chapter, fabrication and characterisation of CdS-sensitised and CdSe-
sensitised photoanodes have been discussed. For both QDs, SILAR depositions from 3 
to 7 cycles resulted in strong confinement. CdS has a slightly higher molar extinction 
coefficient (ε = 2.49 x 105 M-1cm-1) for 2.9 nm particles achieved with 5 cycle 
depositions compared to CdSe (ε = 2.23 x 105 M-1cm-1) for 3.9 nm made by 5 cycle 
depositions [48]. Despite the higher absorption, the CdS dots have spectral response 
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limited to the green part (510 nm) of the solar spectrum. On the other hand, CdSe dots 
have a broader spectral response till the red region (695 nm). Thus, CdS QD was 
chosen as starting step in the fabrication and optimisation of QDSCs owing to higher 
extinction coefficient.   
The WEs were prepared with single layer of TiO2 paste doctor bladed on the TEC15 
FTO. The WEs were sintered at 500°C in a Muffle furnace. Seven cycles of CdS 
deposition (CdS7) was done via SILAR method to sensitise the WEs. Cu2S/brass was 
used as CE and polysulfide electrolyte (EL01) of composition of 1 M Na2S.9H2O, 0.1 M S 
and 0.1 M NaOH in Milli-Q water was used as hole transporting medium. A surlyn film 
of 25 µm thickness was used as spacers to avoid direct contact between the 
photoanode and CE. The two electrodes were clipped together and were tested for I-V 
measurements.  
3.5.1 Effect of varying ZnS coatings 
Three different ZnS shells were deposited on the CdS-sensitised WEs with 1, 2 and 3 
layers of SILAR depositions labelled as ZnS1, ZnS2 and ZnS3, respectively. 0.1 M 
Zn(CH3COO)2 and 0.1 M Na2S.9H2O solutions in deionised water were used as Zn and S-
precursors, respectively. The condition of one minute of dipping, rinsing and drying 
time was chosen for this deposition. One batch of photoanodes was prepared without 
any ZnS coating indicated as ZnS0 for comparison. The I-V performance data and plots 
for the cells are illustrated in Table 3.3 and Fig. 3.7. 
Table 3.3: Performance of CdS-sensitised cells with various ZnS coatings. 
Coatings η  
(%) 
VOC  
(V) 
JSC  
(mA/cm2) 
FF 
ZnS0 0.066 0.3 0.5 0.44 
ZnS1 0.074 0.296 0.57 0.44 
ZnS2 0.04 0.25 0.37 0.44 
ZnS3 0.034 0.252 0.285 0.47 
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Figure 3.7: I-V plots for CdS-sensitised solar cells with varying ZnS coatings. 
Table 3.4 shows CdS-sensitised solar cell performance reported by various groups. The 
results are not directly comparable since precursor concentrations, deposition cycles 
and different anode treatments were performed in some of these cells. However, it 
provides a measure of expected efficiency for CdS-sensitised solar cells and further 
scope for optimisation.  
Table 3.4: CdS-sensitised cell performance from literature. 
CdS 
deposition 
cycles 
Anode  
treatments 
Year 
[Reference] 
η 
(%) 
VOC 
(V) 
JSC 
(mA/cm2) 
FF 
4 YES 2011 [79] 0.48 0.46 3.46 0.3 
4 YES 2010 [90] 0.84 0.569 3.06 0.48 
10 YES 2009 [81] 0.8 0.71 1.63 0.69 
5 YES 2011 [86] 1.01 0.704 2.34 0.62 
10 YES 2012 [152] 1.63 0.496 7.2 0.46 
The CdS-sensitised cells with ZnS1 showed best performance with 0.07% efficiency. 
This performance was below the expected range from Table 3.4. The research by Choi 
et al. [86] used WEs with scattering layers and TiCl4 treatments improving mainly the 
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device photovoltage. Santra and Kamat [152] reported a high performing CdS-
sensitised solar cell which was later modified by Mn-doping and using dual sensitiser 
combination (Mn-CdS/CdSe) to push the efficiency up to 5.42%. However, the 0.1 M 
precursor concentrations and 10 cycle deposition makes it highly doubtful about 
quantum confinement of the CdS particles adsorbed on the photoanode. Another 
paper by Lee and Chang [153] shows that for CdS QD fabricated by CBD method, the 
device efficiency varies in the 0.21 – 0.77% range for variety of polysulfide electrolyte 
combinations. Considering the fact that no anode treatments or other enhancing 
strategies were implemented in the devices, 0.074% efficiency with TiO2 film thickness 
of 6.5 µm was low but acceptable for CdS-sensitised solar cells performance. 
3.5.2 Effect of sintering the photoanode 
The CdS-sensitised cells were further sintered to check whether it would benefit device 
performance. Heat treatment by sintering the WE removes the organic binders and 
improves interconnection between the network particles leading to better electron 
transport [154]. The heat treatment has been reported to influence CdS films and 
consequently the device performance [155]. ZnS1 coating was used to prepare the 
QDSCs for these experiments. After sensitisation, the photoanodes were sintered at 
400°C in the presence of oxygen for 10, 20 and 30 minutes inside a furnace. The I-V 
data in Table 3.5 and plots in Fig. 3.8 shows that sintering the photoanodes improved 
solar cell performance mainly due to the increase of photocurrents.  
Table 3.5: Effect of sintering the photoanodes on CdS-sensitised solar cell 
performance. 
Sintering time 
(mins) 
η  
(%) 
Voc  
(V) 
Jsc  
(mA/cm2) 
FF 
10 0.03 0.288 0.195 0.46 
20  0.06 0.316 0.375 0.49 
30  0.07 0.32 0.417 0.49 
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Figure 3.8: I-V plots for CdS-sensitised cells performance with varying sintering times. 
With longer sintering time of 30 minutes, the CdS-sensitised solar cell efficiency 
improved up to 0.07%. However, the overall device efficiency was less than the cells 
with non-sintered photoanode (0.074%) discussed in Section 3.5.1. Longer heat 
treatment would improve the crystallinity of the CdS QDs and have better electron 
transport due to passivation of the particles. However, heat treatment is likely to 
change the size, shape and introduce “necking” of the particles [156] resulting in loss 
of quantum confinement of the QDs. The colour of the CdS-sensitised photoanodes 
was observed to be pale after sintering which hints at oxidisation of the CdS QDs, 
possibly triggered by the heat treatment. 
3.5.3 Effect of varying TiO2 layer thickness 
In optimised DSCs, monolayers of the adsorbed dye concentration contributes to 
higher photocurrent generation [2, 26]. In the case of porous films, the amount of 
loaded QDs is proportional to film thickness and available surface area. Increasing films 
thickness would in general benefit device performance from higher photocurrents 
provided that the film thickness does not exceed the electron diffusion length.  
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Figure 3.9: I-V plots for CdS-sensitised cells performance with varying film thickness. 
To prepare WEs with varying film thickness, TiO2 paste (DSL 18NR-T, Dyesol) was 
diluted with α-terpineol in varying amounts. Three different pastes with α-terpineol to 
TiO2 paste ratios (w/w) of 1:1, 2:1 and 3:1 were prepared. The WEs were prepared 
using doctor blading followed by sintering the films as mentioned in Section 2.3.1. By 
sintering the WE α-terpineol and all organic contents were removed from the TiO2 
porous film leaving a slimmer layer of porous TiO2 film. The cross sections of the 
TiO2/FTO substrates were measured with Quanta 3D scanning electron microscope 
(SEM) which showed the film thicknesses for 1:1, 2:1 and 3:1 pastes were 4 µm, 2 – 2.4 
µm and less than 2 µm, respectively. 
The I-V plots in Fig. 3.9 show a gradual improvement of the VOC, JSC and FF with 
increasing film thickness. The improvement in JSC was expected since the available area 
for adsorption of CdS QDs increases with increasing film thickness. The existence of 
excess electrons resulting from high JSC helped to push the Fermi level (EF) closer to its 
conduction band [9] leading to a higher VOC. Thus, the thicker TiO2 films would have a 
higher separation between Eredox and EF contributing to slightly higher VOC value. The 
increase in VOC for the cells is logarithmic in fashion which is consistent with the 
linearly increasing JSC due to the increasing film thickness. 
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Table 3.6: Effect of varying thickness of TiO2 films on CdS-sensitised cell performance. 
TiO2 film thickness 
(µm) 
η  
(%) 
Voc  
(V) 
Jsc  
(mA/cm2) 
FF 
< 2 0.02 0.204 0.26 0.35 
2 – 2.4 0.03 0.268 0.29 0.39 
4 0.05 0.284 0.43 0.44 
6.5 0.07 0.296 0.57 0.44 
10 – 12 0.11 0.332 0.69 0.47 
The low performing cells have FFs below 0.4. The I-V plots indicate high series 
resistance and recombination in the device due to low shunt resistance. However, 
better FF values of 0.44 – 0.47 were observed for thicker films. This improvement 
could be attributed to the reduction of diffusion resistance, Rd of the cells. The 
diffusion resistance of the electrolyte is a part of the series resistance of the device. 
For films less than 2 µm, the path for diffusion of redox species is around 23 µm when 
using a 25 µm surlyn spacer between the electrodes. In case of the 10 – 12 µm TiO2 
films, the diffusion path would be reduced to around 13 – 15 µm. The lower diffusion 
path would cause Rd to reduce improving FF for the thicker films.  
3.6 CdSe/CdS-sensitised solar cells 
CdS-sensitised solar cells performance was not comparable to the optimised DSCs. To 
further improve device efficiency, two modifications were made in the photoanode. 
The first modification involved sensitising the WE with both CdS and CdSe QD 
sensitisers and the second was to introduce a TiO2 compact layer between the FTO and 
porous TiO2 film. These modifications are discussed in the following sub-sections.  
3.6.1 Photoanodes with CdSe/CdS QDs 
The use of dual sensitisers (CdSe/CdS or CdS/CdSe) is expected to broaden the spectral 
response of the device. The energy band alignments for the semiconductors were 
considered at first to determine the deposition sequence (CdS/CdSe or CdSe/CdS 
structure). The conduction band of CdSe, ECB_CdSe is -0.6 V (vs. NHE at pH 7) [157] while 
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that for CdS, ECB_CdS is -0.875 V (vs. NHE at pH 7) [38]. The conduction band positions 
for both these semiconductors are more negative compared to that of TiO2 (ECB_TiO2 = -
0.375 V vs. NHE at pH 7) [38] making spontaneous electron injection favourable from 
the QD semiconductors to TiO2 since electrons always settle for lower energy state. 
Thus, a CdSe/CdS structure would benefit from spontaneous electron injection from 
CdS conduction band to that in CdSe because of ECB_CdS being higher than ECB_CdSe in the 
energy scale. The relative band position for the photoanode materials are illustrated in 
Fig. 3.10. 
 
Figure 3.10: Energy band alignment for CdS, CdSe and TiO2. 
Table 3.7: Surface coverage ratio of CdSe and CdS. 
SILAR deposition  
cycles 
Surface coverage for 
CdSe (%) 
Surface coverage 
for CdS (%) 
3 10.8 6.2 
5 20.9 14.6 
7 32.2 20.3 
The EDS measurements were performed on CdSe/TiO2 and CdS/TiO2 photoanodes. The 
amount of CdSe adsorbed on TiO2 for each SILAR cycle deposition was higher than that 
for CdS as is shown in Fig. 3.11. This is consistent with the observation that the surface 
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coverage of CdSe on TiO2 is higher compared to CdS for similar deposition cycles. Table 
3.7 gives a comparison of surface coverage ratio calculated for both these dots. 
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Figure 3.11: Mass (%) of adsorbed CdSe and CdS on TiO2 films 
An initial 5 cycle deposition of CdS would lead to a maximum of 14.6% coverage for the 
films, possibly limiting the CdSe coverage in the next phase of SILAR deposition. 
However, initial 5 cycle deposition of CdSe would provide higher surface coverage of 
around 21%. Later CdS depositions are likely to contribute to the growth of CdS layers 
on top of the already existing CdSe particles. Thus, a sequential deposition CdSe/CdS 
are likely to enhance higher CdS particles owing to more adsorption centres from the 
initial CdSe deposition. Based on energy alignment and better surface coverage of the 
TiO2 particle network, sequential deposition of CdSe and CdS was chosen for QD 
loading. 
3.6.2 Incorporating TiO2 compact layer 
One of the electron recombination pathways in DSCs and QDSCs is the TCO/electrolyte 
interface where the injected electron in TCO recombines with the holes in the 
electrolytes. The electrolyte generally penetrates through the porous TiO2 film and 
comes in direct contact with the TCO. A portion of the electrons injected from the TiO2 
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to the TCO recombine with the oxidised species in the electrolyte as leakage current 
rather than being collected by the external circuit in the form of photocurrent. This 
phenomenon is represented in the equivalent circuit through a resistance (RTCO) and 
capacitance (CTCO) in parallel between TCO and electrolyte which describes electron 
transport and charge transfer process in DSC. The inclusion of a blocking TiO2 compact 
layer between the porous TCO and TiO2 films would create a physical barrier between 
the electrolyte and uncovered parts of the TCO, reducing or even preventing the 
electron recombination at the interface. Cameron and Peter reported [158] that this 
blocking layer is more effective when the photovoltage level is less than 0.4 V.  
3.6.3 Revised QDSC configuration using dual sensitisers 
The WEs prepared for the photoanodes had a compact blocking TiO2 layer deposited 
on TCO by spray pyrolysis and a 10 – 12 µm thick porous TiO2 film coated by doctor 
blading. 5 cycles of CdSe deposition was followed by 5 cycle depositions of CdS on 
porous TiO2 films. 2 SILAR cycles of ZnS shells were deposited on the photoanodes to 
improve the photostability and prevent chemical corrosion from polysulfide 
electrolytes [91, 92]. Flexible Cu2S/brass foils were used as CE. A 25 µm surlyn film was 
used as spacer between the electrodes. The electrolytes were dropped in between the 
electrodes and later clipped together with a 25 µm surlyn in between to form the open 
cells. 
3.7 Polysulfide electrolytes 
Different compositions of polysulfide electrolytes used with CdSe and CdS QD-
sensitised solar cells have been reported although few reports have focused on 
identifying the best performing electrolyte composition. Table 3.8 includes 7 different 
electrolyte compositions with high solar cell efficiency. The solar cell configurations 
listed in Table 3.8 were different based on QD synthesis and deposition cycles, anode 
treatments and efficiency enhancing techniques applied by each group. Thus, no basis 
for direct comparison amongst these electrolytes could be established. However, the 
results in the table provide us an estimate for QDSC performances using polysulfide 
electrolytes with varying compositions.  
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Table 3.8: Various polysulfide electrolyte compositions from literature. 
Research groups Sensitiser Device  
Efficiency 
(%) 
Electrolyte composition 
Lee and Chang 
[153] 
CdS 1.15 0.5 M Na2S, 2 M S and 0.2 M KCl in 
methanol/water (7:3 v/v) 
Santra and Kamat CdS/CdSe 4.19 1 M Na2S and 1 M S in water 
Cheng et al. [152] CdS/CdSe 2.4 0.25 M Na2S and 0.35 M Na2SO3 in 
water 
Lee et al. [79] CdS/CdSe 3.9 0.6 M Na2S, 0.2 M S and 0.2 M KCl in 
methanol/water (3:7 v/v) 
Pedro et al. [90] CdS/CdSe 3.78 1 M Na2S, 1 M S and 0.1 M NaOH in 
water 
Anower et al. 
[92] 
CdS/CdSe 3.88 1 M Na2S.9H2O, 1 M S and 0.1 M 
NaOH in water 
Gimenez et al. 
[98] 
CdSe 1.83 1 M Na2S, 0.1 M S and 0.1 M NaOH in 
water 
Na2S.9H2O and S will be referred as the “active components” in the electrolyte since 
they contribute to the dominant redox species. Sulfur species for alkaline polysulfide 
electrolytes exist in the form of [HS-] and [Sx2-] (x = 1 - 5) [159, 160]. The use of 0.1 M 
NaOH increases pH of the electrolyte to around 13 – 14 to increase stability [161]. The 
dominant redox species for polysulfide electrolytes under such pH conditions have 
been found to be [HS-] and [S42-] [160]. The equilibrium condition for the redox species 
can be generalised below in Eq. 3.11.  
S4
2− + H2O + 6e
− ⇄  4HS− + 4OH− − − − (3.11) 
Thus, the [HS-] and [S42-] redox couple serves the purpose of electron-hole transport 
shuttle where the electrons at the CE interact with the polysulfides and the hole at the 
photoanode is transferred to [HS-] species to regenerate the QDs. Other additives used 
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in polysulfide electrolytes such as KCl, have been reported to enhance conductivity 
[153]. 
3.7.1  Solubility of “active electrolyte components” 
Conventionally used polysulfide electrolytes are either based on water or 
methanol/water mixture. Water has a higher surface tension and the solubility of 
sulfur in water is low. Addition of methanol in water could reduce surface tension and 
increasing solubility of sulfur. Solubility tests were performed to determine whether 
the addition of methanol could increase solubility of the “active components”. A 7:3 
v/v ratio of methanol water was chosen based on previous literature [153]. 
To check the solubility of sulfur in water vs. methanol/water (7:3 v/v), initially 1 M S 
was added in 1 mL of methanol and 1 mL of methanol/water (7:3 v/v). None of the 
solvents were able to dissolve the added amount completely. 1 M of Na2S.9H2O was 
later added in both water and methanol/water (7:3 v/v) to prepare two base-solutions. 
1 M S concentration was initially added to the base solutions, both of which 
completely dissolved the added S. After the initial dissolution, more S was gradually 
added to increase the concentrations of the solutions to 2.1 M, 3.1 M and 4.1 M. In 
case of methanol/water-based solvents, the added S completely dissolved after 10 
minutes of stirring (Fig. 3.12a and 3.12b). However, for the water-based solvent, it 
took overnight stirring to completely dissolve up to 3.1 M S. After the complete 
dissolution of 3.1 M S, the concentration of S was increased to 4.1 M in both solvents. 
This resulted in saturation of S dissolution in the water-based solvent (Fig 3.12c) while 
the added S completely dissolved in the methanol/water-based solvent after 15 
minutes of stirring. The results of these tests are summarised below: 
(a) Na2S.9H2O addition in solvents not only contributes as an “active ingredient” 
but also to the solubility of the sulfur 
(b) Sulfur is more readily soluble in methanol/water (7:3 v/v) than in water which 
will increase the concentration of redox species in the electrolyte 
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Figure 3.12: Comparison of the solubility of S in water and methanol/water-based 
solvents where (a) 2.1 M S and (b) 3.1 M S were completely dissolved but (c) 4.1 M S 
did not completely dissolve in the water-based solvent even after overnight stirring 
indicating saturation limit. 
The next phase of experiments was conducted to determine: 
(a) The optimum ratio of “active components” (Na2S and S) that results in best 
device performance 
(b) Evaluate device performance to check whether methanol/water-based 
electrolytes are better than water-based ones and 
(c) The role of the methanol in the electrolyte 
3.7.2 Effects of varying “active electrolyte components” 
Six different polysulfide electrolytes were prepared where the first two (EL01, EL02) 
were made with water based solvents and the remaining four (EL03 – EL06) were 
prepared using methanol/water (7:3 v/v) based solvents. Each electrolyte contained 1 
M Na2S.9H2O and 0.1 M NaOH. The S-contents in the electrolytes were varied from 0.1 
M to 1 M and corresponding I-V performances were measured for changes or 
improvements in device efficiency. The I-V data for the solar cells are shown in Table 
3.9 and corresponding plots in Fig. 3.13. 
The QDSCs with methanol/water-based electrolytes performed considerably better 
than the water-based ones. In the case of water-based electrolytes a tenfold increase 
in S-concentration did not result in improvement in cell efficiency. For a tenfold 
increase of S-concentration in the methanol/water-based electrolytes, the efficiency of 
the solar cells increased from 2.28% to 3.43%. The photocurrent densities remain 
pretty much unaffected while there is a considerable improvement in VOC and FF.  
(a) (b) (c) 
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Table 3.9: I-V data for QDSCs with different polysulphide electrolytes (ZnS2 shell 
coatings). 
Electrolyte Electrolyte 
solvent 
Sulphur 
content 
(M) 
η 
 
(%) 
VOC 
 
(mV) 
JSC 
 
(mAcm-2) 
FF 
EL01 Water 0.1 2.57 483 14.47 0.37 
EL02 1 2.56 534 10.63 0.45 
EL03  
Methanol/water 
(7:3 v/v) 
0.1 2.28 533 12.5 0.34 
EL04 0.25 3.1 546 17.19 0.33 
EL05 0.5 2.97 545 14.83 0.37 
EL06 1 3.43 562 13.4 0.46 
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Figure 3.13: I-V plots for CdSe/CdS-sensitised solar cell with varying electrolytes. 
Vasko et al. has previously published [162] that the conduction band edge of TiO2 
moves upwards for concentrated polysulfide electrolytes. For QDSCs, VOC depends on 
the energy separation of EF and Eredox (Eq. 1.12). With a larger energy separation for 
concentrated electrolytes, the overall device photovoltage would be higher. A higher 
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concentration of redox species can be expected in methanol/water-based electrolytes 
which would shift TiO2 conduction band to more negative values in the energy scale 
and producing higher photovoltages. Table 3.9 shows that the photovoltages for 
methanol/water-based electrolytes are noticeably higher than the water-based ones. 
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Figure 3.14: Nyquist plots for Cu2S/brass half cells with varying polysulphide electrolyte 
compositions. 
The FF improvement due to increase in S content could be the result of better charge 
transfer at the CE/electrolyte interface. Cu2S/brass-half cells were fabricated to carry 
out impedance measurements of half cells using the six electrolytes (EL01 – EL06) to 
check for variations in charge transfer resistance. A 50 µm surlyn film was used as 
spacer to prepare these cells. The Nyquist plots (Fig. 3.14) were fitted with a “Model 1” 
equivalent circuit. The Rarc values obtained from fitting the Nyquist plots are illustrated 
in Table 3.10 which clearly shows lower charge transfer resistance values for the 
methanol/water-based solvents compared to the water-based ones. This suggests that 
the increase of S-content or corresponding redox species in the electrolyte results in 
improvement in catalytic activity between the electrolyte and Cu2S. Thus, the lower 
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resistance in the forward electron transfer path will improve FF of the device which is 
consistent with the I-V measurements.  
Table 3.10: Charge transfer resistance determined for Cu2S/brass-half cells using 
varying electrolytes. 
Electrolyte Total charge transfer 
resistance, Rarc (Ω) 
EL01 20.4 
EL02 24.5 
EL03 12.3 
EL04 15.8 
EL05 17.7 
EL06 14.8 
 
3.7.3 Device performance due to sole addition of methanol 
The fact that methanol contributes to the solubility of sulfur, increasing the 
concentration of redox species and improves the catalytic activity between Cu2S and 
electrolyte has been established in the previous sections (3.7.1 and 3.7.2). Since 
methanol is a sacrificial hole scavenger it could also contribute to the redox process. 
This would be highly undesirable because the solvent would then degrade over time 
and result in a long term device instability. In the absence of “active electrolyte 
components” (S and Na2S.9H2O), if methanol is oxidised by holes from valence band of 
QDs, a notable photocurrent from the device can be expected if methanol is reduced 
at the CE. Thus, the removal of active components from the electrolyte (EL07) would 
provide a neutral condition where methanol could not contribute to solubility of sulfur 
or to the catalytic activity of redox couple ([HS-] and [S42-]) in the electrolyte/CE 
interface. Three new electrolytes were prepared with the following compositions for I-
V measurements: 
(a) 0.1 M NaOH in water (EL07) 
(b) 0.1 M NaOH in methanol/water (7:3 v/v) (EL08) and 
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(c) 0.1 M NaOH and 1 M Na2S.9H2O in methanol/water (7:3 v/v) (EL09) 
Any improvement in device performance with the sole addition of methanol in the 
electrolyte without “active components” (EL07) could hint at methanol being involved 
in the redox process. Thus, any variation in the device performance for EL07 and EL08 
electrolytes could be attributed to the added methanol (70% volume). Similarly, the 
performance variation for solar cells with EL08 and EL09 electrolytes would be due to 
the added Na2S.9H2O in the electrolyte. Table 3.11 lists the I-V data for the cells using 
these electrolytes.  
Table 3.11: Effect of variation of active components in electrolyte on I-V performance 
(ZnSe2 shell coatings). 
Electrolyte Solvent Na2S.9H20 
(M) 
S 
(M) 
η 
(%) 
VOC 
(mV) 
JSC 
(mAcm-2) 
FF 
EL07 Water 0 0 0.005 333 0.088 0.16 
EL08 Methanol/water 
(7:3 v/v) 
0 0 0.012 486 0.1 0.26 
EL09 1 0 1.12 475 6.22 0.38 
EL06  1 1 3.99 580 13.4 0.52 
The I-V data shows that the addition of methanol did not produce negligible increase 
of device efficiency and photocurrent. Only after the addition of Na2S.9H2O, the device 
efficiency is enhanced from 0.012% to 1.12%. Since under the neutral condition, the 
addition of methanol did not result in any notable improvement in device efficiency, 
we could conclude that methanol has almost no role in contributing as sole active 
redox species in the electrolyte. There are a number of complex redox species in 
polysulfide electrolytes [159] and intermediate steps involved towards build-up of the 
generalised equilibrium of [HS-] and [S42-] redox species [163]. The significant 
improvement after Na2S addition could be due to S2- forming a major contributing 
polysulfide species in the redox couple. Only in the presence of both active electrolyte 
components (sodium sulfide and sulfur), the device perform with a significant 
efficiency (3.99%).    
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3.7.4 Ratio of “active components” in the electrolyte 
In their study on polysulfide electrolytes, Hodes et al. [97] showed that the current 
densities measured with polysulfide electrolytes and Cu2S/brass electrodes decreased 
when the S-concentrations were above and below Na2S concentration. This meant a 
1:1 ratio of the active components is more important for better catalytic activity 
between polysulfide and Cu2S/brass CE rather than the absolute concentrations of S 
and Na2S. The I-V performances for CdSe/CdS-sensitised cells were measured to 
determine: 
(a) Whether 1:1 ratio of active components results in optimum device efficiency 
and 
(b) Best polysulfide electrolyte composition for CdSe/CdS-sensitised cells 
Table 3.12 lists the solar cell efficiencies where the sodium sulfide concentration was 
initially decreased to 0.8 M while maintaining S-concentration constant at 1 M. The 
solar cell efficiency decreased from 3.99% to 3.16%. Device efficiencies for EL03 – EL06 
(Table 3.9) and EL06 and EL10 from Table 3.12 clearly shows that the 1:1 ratio of the 
active components produces the optimum QDSC performance. Since the solubility test 
has confirmed that the methanol/water-based electrolytes can completely dissolve up 
to 4.1 M S, the concentration of the both active components were increased to 1.5 M 
(EL11) and 2 M (EL12) maintaining a 1:1 ratio.  
Table 3.12: I-V performance variation due to variation of active ingredients (ZnSe shell 
coatings). 
Electrolyte Na2S.9H20 
(M) 
S 
(M) 
η 
(%) 
VOC 
(mV) 
JSC 
(mAcm-2) 
FF 
EL06 1 1 3.99 580 13.4 0.52 
EL10 0.8 1 3.16 485 14 0.46 
EL11 1.5 1.5 3.26 580 11.33 0.5 
EL12 2 2 3.39 535 11.7 0.54 
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As shown in Table 3.12, the cells efficiencies for EL11 and EL12 (3.26% and 3.39%, 
respectively) were lower than in case of EL06 (3.99%). For the electrolytes with 1:1 
ratio of active components, the FF of the cells was comparatively better (≥0.5). The 
optimum polysulfide electrolyte composition (EL06) determined from this study was 1 
M S, 1 M Na2S.9H2O and 0.1 M NaOH in methanol/water (7:3 v/v). Fig. 3.15 illustrates 
the I-V plots for the QDSC with 1:1 ratio of active electrolyte components. 
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Figure 3.15: I-V plots for QDSCs using electrolytes having 1:1 ratio of “active 
components”. 
3.8 Anode treatments 
3.8.1 TiCl4 treatment on WE 
The microstructure of the porous TiO2 film is crucial to the performance of DSCs [164]. 
These porous networks of TiO2 particles provide a higher surface to volume ratio for 
dye adsorption. One of the effective device optimisation techniques used in DSC is the 
surface treatment of the porous TiO2 films by aqueous TiCl4 treatment. Annealing the 
films leads to creation of smaller TiO2 particles on the larger particles (typically 20 – 30 
nm) in the porous network. The improvement in device efficiency has been 
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investigated by researchers and some of the accepted explanations have been listed 
below: 
(a) Improved electron transport in porous films due to reduced recombination 
[165] 
(b) Enhanced light scattering due to the smaller adsorbed TiO2 [166] 
(c) Higher dye adsorption owing to increased surface area [167] and 
(d) Better bonding between TiO2 and dyes [168] 
Any of these mechanisms can prevail over others depending on factors such as 
annealing temperatures [166] and TiCl4 concentrations [167]. Some of the top 
performing dyes like N719 and N749 have exhibited JSC improvement by 18 – 25% after 
TiCl4 treatment [167, 169]. The previously included TiO2 compact layer increases 
recombination resistance, RTCO between TCO and uncovered electrolyte. QDSCs were 
prepared with and without anode treatments (TiO2 compact layer and TiCl4 
treatments) to compare performance variations. Later one batch of cell was made with 
both treatments to observe the effect on efficiency due to combination of both anode 
treatments.  
3.8.2 Experimental section for TiCl4 treatment 
A 40 mM TiCl4 aqueous solution was prepared for the solution treatment. The WEs 
prepared with both the compact and porous TiO2 layers were immersed in TiCl4 
solution at 70°C for 30 minutes. The TiCl4 treated films were later rinsed in ethanol, 
dried with nitrogen gas flow and annealed again at 500°C for 30 minutes.  
3.8.3 Effect of anode treatments 
The data from I-V measurements for QDSC and their corresponding plots with and 
without the anode treatments are shown in Table 3.13 and Fig. 3.16, respectively. The 
solar cells without any anode treatment had a moderate efficiency of 1.83%. Treating 
the photoanodes with TiCl4 increased the efficiency to 3.98% with improvements in 
VOC, JSC and FF. However, the large increase in efficiency from 1.83% to 3.98% resulted 
mainly from JSC improvement from 9.24 mAcm-2 to 15.4 mAcm-2 due to the TiCl4 
treatment.  
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Table 3.13: Comparison between TiO2 compact layer and TiCl4 treatment for QDSC 
(ZnSe shell layer). 
TiCl4 
treatment 
TiO2 
compact 
layer 
η 
 
(%) 
VOC 
 
(mV) 
JSC 
 
(mA/cm2) 
FF 
N N 1.83 447 9.24 0.44 
Y N 3.98 506 15.4 0.51 
N Y 3.99 580 13.4 0.51 
Y Y 4.17 586 17.24 0.42 
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Figure 3.16: UV-visible absorbance plots with and without TiCl4 treatment. 
The formation of smaller nanoparticles on the porous TiO2 films would result in an 
enhanced surface area. UV-visible measurements on the photoanodes with and 
without TiCl4 treatment were performed to account for such increase in QD loading in 
the treated samples. An increase in absorbance would indicate a higher QD loading 
due to enhanced surface area resulting from TiCl4 treatment. The absorbance plot in 
Fig. 3.17 shows an increase in absorbance in the 525 – 650 nm for the treated samples. 
This improvement could be due to better QD-TiO2 bonding or higher QD loading in the 
film. However, the slight increase in absorbance could not account for the large JSC 
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values. The improvement in FF from 0.44 to 0.51 suggests that the internal resistances 
improved with treatment. Besides higher QD loading, the additional photocurrent 
density can be attributed to passivation of the porous TiO2 particle network which 
most likely reduced TiO2 surface traps and reduce electron recombination with 
electrolyte.  
The photovoltage observed for QDSC with TiCl4 treatment were 59 mV higher 
compared to the ones without any treatment. This additional photovoltage is very 
likely to be from upward shift in Fermi level, EF of TiO2. Higher photocurrents due to 
TiCl4 treatment would have a higher electron density in TiO2 films raising the EF closer 
to the conduction band. The larger separation of EF and Eredox would increase VOC. 
The effect of having a TiO2 compact blocking layer has a much more positive effect on 
VOC than JSC for the device. The solar cell efficiency is 3.99% with a VOC = 0.58 V and JSC 
= 13.4 mAcm-2. We mentioned earlier that Cameron and Peter’s [158] study on 
blocking layers suggests it is effective up to 0.4 V. In case of DSCs, VOC is around 0.7 V 
and the operating point (maximum power point) for the device is around 0.6 V. 
However, for the QDSC, photovoltages are typically between 0.4 – 0.6 V. The large 
efficiency enhancement (3.99% vs. 1.83%) for including compact TiO2 layer is possibly 
due to the fact that this additional layer works more effectively in QDSCs since the 
operating point falls close to the 0.4 V threshold. The higher VOC of 0.58 V was due to 
reduction in electron recombination in TCO/EL interface which resulted in higher 
electron density in TiO2. The quasi Fermi level, EFn of TiO2 shifts considerably upwards 
and contributed to higher photovoltages [170]. 
The highest performing QDSC of 4.17% efficiency was achieved for the cells with both 
anode treatments (TiCl4 treatment and TiO2 compact layer). The higher photocurrent 
density of 17.24 mAcm-2 was most likely due to combination of better electron 
transport and higher QD adsorption observed in case of cells made solely with TiCl4 
treatments. The device FF of 0.42 was lower than normal. This could be due to the 
adjustment of the diffusion of redox species in the electrolyte accommodating the high 
JSC (>17 mAcm-2) and is likely to negatively affect the FF initially. In the sensitised solar 
cells, the redox process in the electrolyte tends to improve under longer light 
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exposure. However, the I-V measurements are usually performed within shortest 
possible time interval because higher device temperature from longer light exposure 
would introduce deviations from STC and lower efficiency values. Longer light 
exposure would help the redox process to achieve balance and accommodate the high 
photocurrent within the device and lower the diffusion impedance. In the cases where 
sensitised solar cells have been measured for I-V performance under longer light 
exposure conditions, the device η and VOC remained almost unchanged with a slight 
adjustment between FF and JSC values. 
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Figure 3.17: I-V plots for QDSC with and without anode treatments. 
The I-V performance data was a clear indication that the combination of both TiCl4 
treatment and inclusion of TiO2 compact layer is necessary for high QDSC efficiency. 
TiCl4 treatment cannot essentially create the same effects as that of the compact TiO2 
layer which is crucial for high photovoltages.  
3.9 Conclusions 
Two Cu2S-based CEs: (i) Cu2S/brass and (ii) Cu2S/TCO were fabricated as CEs for the 
QDSCs. Impedance analysis was performed on the CE/electrolyte/TCO half cells to find 
15 minutes of HCl treatment followed by 15 minutes of exposure to polysulfides was 
the best method to prepare the Cu2S/brass CEs. Cu2S/TCO was also made by spin 
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coating to have CEs with better sealing of the electrodes and filling of electrolytes. The 
charge transfer resistance between Cu2S/TCO CE and electrolyte was observed to be 
much higher and the adhesion of Cu2S paste on TCO was not stable after coming into 
contact with polysulfides resulting in Cu2S/brass to be the ideal choice for QDSC CEs. 
Further experiments were conducted to study impedances for Cu2S/brass and Pt/TCO 
CEs using symmetrical cells. The results revealed that both the charge transfer 
resistance (between CE and electrolyte) and the sheet resistance were lower in case of 
Cu2S/brass. The study on Cu2S/brass CEs proved that the catalytic activity between 
electrolyte and CE was sufficient enough not to become a limiting factor for QDSC 
photocurrents.  
CdS-sensitised solar cells were fabricated with varying ZnS shell layer depositions via 
SILAR method. The solar cells with single layer coating of ZnS shell layer had produced 
highest device efficiency. The effect of sintering the photoanodes was tested by 
varying sintering times from 10 – 30 minutes. Although the cells efficiencies gradually 
increased with sintering time, it was still less than the cell with non-sintered 
photoanodes. Finally, WEs were prepared with porous TiO2 film thicknesses of less 
than 2 µm, 2 – 2.4 µm, 4 µm, 6.5 µm and 10 – 12 µm. I-V performance for the solar 
cells gradually increased from 0.02% to 0.11% with increasing film thickness. The 10 – 
12 µm film was identified as the ideal thickness for high QDSC performance and 
chosen for later QDSC fabrication.  
The study of polysulfide electrolytes were performed to determine the optimum 
composition for high performing QDSCs. The concentration of “active ingredients” of 
the electrolytes (S and Na2S) was varied using water and methanol/water (7:3 v/v) as 
solvents. The effect of methanol addition can be summarised as: 
(a) Methanol addition makes S to be readily soluble in the electrolyte resulting in 
better photovoltage and device efficiency 
(b) Methanol being an electron donor could participate in the redox process and 
compromise the stability of the electrolyte. However, the role of methanol as 
an “active component” was found to be limited in the absence of both S and 
Na2S 
134 
 
(c) The addition of methanol increased the catalytic activity between Cu2S/brass 
CE and polysulfide electrolyte resulting in higher cell FF and efficiency 
A 1:1 ratio of Na2S and S is necessary for higher catalytic activity between CE and 
electrolyte. The best polysulfide electrolyte composition based on I-V performance 
was found to be composed of 1 M S, 1 M Na2S.9H2O and 0.1 M NaOH in 
methanol/water (7:3 v/v). 
The final section of this chapter discusses the effect of performance improvement in 
CdSe/CdS-sensitised cells due to inclusion of TiO2 compact layer and TiCl4 treatment on 
the WEs. The solar cells prepared without either of these modifications performed 
with a moderate 1.83% efficiency. The inclusion of the blocking layer proved to 
increase the solar cells performance to almost 4% owing mainly to larger 
photovoltages (~0.5 – 0.6 V). The effectiveness of TiO2 blocking layer is effective within 
the voltage range of 0.4 V which is around the operating voltage range for the QDSCs. 
This blocking ensures that the electrons do not recombine with EL through the 
uncovered portion of TCO and raises the Fermi level of the TiO2 to produce such high 
photovoltages. TiCl4 treatment resulted in higher adsorption of QDs on the WEs and 
generated higher photocurrents (~ 15 – 16 mAcm-2). The study of TiCl4 treatment on 
the QDSC have been published as a proceeding in the Fourth International Conference 
on Smart Materials and Nanotechnology (SMN 2013) [171]. The efficiency of solar cell 
prepared with both anode treatments (of TiCl4 and blocking TiO2 layer) was 4.17% (VOC 
= 0.586 V, JSC = 17.24 mAcm-2, FF = 0.42) which was a maximum achieved in this 
research. It was concluded that both the treatments proved very effective and are 
necessary for fabricating high efficiency QDSCs.  
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Study of ZnSe shell layers in CdSe/CdS-sensitised 
cells 
 
4.1 Introduction 
The majority of QD-sensitised solar cell research focuses on improving the efficiency by 
using new materials used as light absorbers or implementing efficiency enhancing 
techniques such as TiCl4 treatment, inclusion of blocking and scattering layers. The 
previous chapter included fabrication of CdSe/CdS-sensitised solar cells and 
optimisation of TiO2 films thickness, Cu2S/brass CE, polysulfide electrolyte composition 
and anode treatments to realise a high efficiency QDSC. This chapter will focus on the 
study of an alternative ZnSe shells and investigating is effect on CdSe/CdS-sensitised 
solar cell performance. The research on this topic would help to asses and quantify the 
extent to which QD shells can influence the PV performance parameters: VOC, JSC and 
FF. The stability of the new shells within the device was also examined and discusses in 
the latter part of this chapter.  
4.2 ZnSe as alternative shell material 
The issue of photodegradation of CdS and CdSe QDs in atmospheric condition has 
previously been discussed in Chapter 2. In the device, these QDs come into direct 
contact with polysulfide electrolytes which has been reported to be corrosive to the 
QDs [95] causing the cell performance to degrade over time. One possible solution is 
to use an alternative electrolyte. However, the previous studies on electrolytes for 
QDSCs have proven polysulfides as highly promising since it contributes to better 
photovoltages and stability of the device [172-174]. The second solution to this 
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corrosion problem can be solved with a protective shell coating of the QDs. Typically 
shells used to insulate, passivate or improve stability for QDs are ZnS, silica (SiO2), 
amorphous TiO2 (a-TiO2) or Al2O3 [51, 70, 75, 86, 124, 128, 134].  While silica coating 
has proven to work in solar cells, majority of the QDSC researchers have opted for ZnS 
shells made by SILAR [79, 92, 98, 99]. There has been few papers discussing the effect 
of ZnS shells on the device performance in detail [90, 134]. The band alignment for ZnS 
is not optimum for QDSCs utilising CdSe and CdS. ZnS has a direct bandgap of 3.6 eV [9, 
89] with conduction (ECB_ZnS) and valence band (EVB_ZnS) positions at -1.8 V and +1.8 V 
vs. NHE at pH 7, respectively [175]. ECB_ZnS position is higher (or more negative) than 
the conduction band position of CdS (ECB_CdS = -0.875 V vs. NHE at pH 7) [38] which 
adds to the advantage of having an energy barrier between electrolyte and QD which 
allows the electrons to be injected from the conduction band of CdS towards that of 
TiO2 films. The redox potential, Eredox of the electrolyte needs to be less positive in the 
energy scale than the valence band edge of CdS (EVB_CdS = +1.56 V vs. NHE at pH 7) [38] 
for favourable hole transfer from EVB_CdS to the electrolyte. Thus, the valence band 
position of the shell (EVB_shell) needs to be between Eredox and EVB_CdS for efficient hole 
extraction. EVB_ZnS lies at +1.8 V vs. NHE which is below EVB_CdS which does not favour 
hole transport from EVB_CdS to the electrolyte (Fig. 4.1a).  
 
Figure 4.1: Energy band alignment for (a) ZnS and (b) ZnSe in the CdSe/CdS-sensitised 
photoanodes at pH 7. 
ZnSe has a direct bandgap of 2.7 eV [9, 88]. The relative band positions for the 
photoanode materials are shown in Fig. 4.1b. The polysulfide electrolyte used in our 
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experiments had pH = 13 – 14. The valence band position, EVB_ZnSe ≈ +0.8 V vs. NHE 
could be expected to shift upward to around +0.4 V vs. NHE due to the highly alkaline 
conditions arising from contact with polysulfide electrolyte. The valence band position 
for ZnSe would lie above EVB_CdS in the energy scale making hole injection from CdS and 
CdSe dots to the electrolyte more favourable. Also the fact that ZnSe has λcutoff = 460 
nm makes it possible for ZnSe shells to participate in light harvesting. Thus, ZnSe is an 
attractive choice to be used as QD shell material. QD-sensitised cells with 
CdSe/CdS/ZnSe configuration were therefore fabricated to investigate the impact of 
ZnSe shells on the QDSC. 
4.3 ZnSe coating 
4.3.1 Fabrication of ZnSe via SILAR 
A 0.1 M Zn(CH3COO)2.2H2O aqueous solution was prepared as Zn-precursor solution. 
Se-precursor solution was prepared in deionised water by gradually adding 0.1 M SeO2 
and 0.2 M NaBH4 in a three neck flask reactor under nitrogen or argon gas flow. The 
reaction to form Se2- is an exothermic one [138] and NaBH4 was added slowly to 
control the reaction rate and release of heat. After constant magnetic stirring for 75 – 
90 minutes, the colour of the solutions became transparent indicating it was ready for 
use. The TiO2 photoanodes sensitised with CdSe/CdS dots were dipped in Zn-precursor 
solution for a minute and then rinsed in deionised water for another minute. Due to 
low volatility of water in air, the samples needed to be dried properly for 2 – 3 minutes 
in nitrogen or argon gas before dipping in the Se-precursor solution to avoid any 
contamination. After drying, the photoanodes were dipped for another minute in the 
Se-precursor solution while gas flow was maintained inside the flask reactor to prevent 
oxidation of selenium ions and products [138].  
4.3.2 Material characterisation details 
EDS mapping for the ZnSe deposited TiO2 films was performed using a JEOL JSM 7001F 
FESEM. The particle crystallinity and localised diffraction pattern of ZnSe particles were 
recorded on JEOL JEM-2100 HR-TEM. For crystallinity measurement, ZnSe was 
deposited directly on the copper grids via SILAR. The Raman spectroscopy for the 
ZnSe/TiO2 films was done with Renishaw using a 532 nm Nd:YAG laser source with 3 
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mW laser power. The UV-visible absorption spectra of ZnSe coated QDs were obtained 
with Varian Cary 50 spectrophotometer. In all the UV-visible measurements, the 
absorbance spectrum of WE was used as background. XPS measurements were carried 
out on CdSe/CdS-sensitised photoanodes with ZnSe shells to check for chemical 
stability after contact with polysulfide electrolyte. The measurements were performed 
on Kratos AXIS Ultra XPS spectrometer with a monochromatic X-ray source at 150 W. 
The detailed scans of each element were analysed with CasaXPS and were calibrated 
using binding energy (BE) position of Ti 2p3/2 at 458.6 eV. 
4.3.3 ZnSe properties 
The EDS measurements illustrating Zn and Se mapping showed a homogeneous 
distribution of ZnSe along the TiO2 surface in Fig. 4.2. The films were slightly Se-rich 
having Zn:Se atomic ratio of 1:1.2. EDS measurements were also performed along the 
cross section of the ZnSe deposited WE to check the homogeneity of ZnSe formation 
film which clarified homogeneous distribution of the ZnSe throughout the bulk TiO2 
film (Fig. 4.2). The diffraction pattern scans shows continuum rings (Fig. 4.3a) which 
can be assigned to interplanar spacings of ZnSe. The calculated d-spacings are given in 
Table 4.1. 
Table 4.1: d-spacings for ZnSe particles. 
No. of rings h k l Calculated  
d values (nm) 
Reference [176] 
d values for 
hexagonal ZnSe (nm) 
1 1 0 0 0.344 0.346 
2 1 1 0 0.21 0.2 
3 1 0 3 0.18 0.184 
4 1 0 4 0.149 0.147 
5 2 0 3 0.135 0.135 
6 2 1 3 0.121 0.121 
The d-spacings were in very good agreement with hexagonal phase ZnSe. The 
hexagonal ZnSe has a lattice parameter, a = 0.4 nm. The suitability of Cu grids for CdX 
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(X = S, Se) depositions have been discussed in Chapter 2. The lattice parameters for 
TiO2 (a = 0.37 nm) and Cu (a = 0.36 nm) accounts for acceptable difference in lattice 
mismatch (~3%) for ZnSe depositions. Thus, ZnSe was deposited on Cu grid as an 
alternative substrate where the TEM image (Fig. 4.3b) shows a denser ZnSe particle 
network. The ZnSe particles are in the 9 – 11 nm range which is large enough to create 
a complete shell around the QDs since they are less than 5 nm in size.  
 
 
Figure 4.2: EDS mapping showing homogeneous distribution of Zn and Se on the TiO2 
films.  
  
Figure 4.3: (a) Diffraction pattern and (b) TEM image of ZnSe particles. 
(a) (b) 
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The initial efforts to obtain a clearly distinguishable Raman peak for ZnSe deposited by 
2 SILAR cycles failed. The number of ZnSe depositions was increased to 5 and Raman 
spectra were recorded for the samples. Fig. 4.4 shows the Raman spectra for 5 cycle 
deposited ZnSe on TiO2 film (ZnSe) and a bare TiO2 film (TiO2) for comparison. The 
noticeable difference in the two spectra is the new peak at 254 cm-1 which is close to 
the reported ZnSe longitudinal optical (LO) peak at 251 cm-1 [177]. The Raman peak 
was blue shifted by 3 cm-1 with respect to the reference ZnSe LO peak. Lattice constant 
parameter for tetragonal anatase TiO2 and hexagonal ZnSe are 0.37 nm and 0.4 nm, 
respectively [144, 176]. This produces a lattice mismatch of -8.1%. Negative value here 
indicates compressive stress. The Raman scattering of LO phonons under compressive 
strain has been reported to be blue shifted [143]. This explained the 3 cm-1 blue shift 
observed in our sample. The ZnSe transverse optical (TO) peak at 207 cm-1 was absent 
in the Raman spectra for the sample.  
 
Figure 4.4: Raman spectra for ZnSe/TiO2 and bare TiO2 films. 
4.4 QDSC performance with ZnSe shell 
4.4.1 QDSC configuration using ZnSe shells 
A compact TiO2 layer was deposited in the WE between the porous TiO2 film and TCO 
substrate. The WEs were later treated with TiCl4 solution and sintered at 500°C for 30 
minutes before QD deposition. The WEs were sensitised by 5 cycle depositions of CdSe 
followed by another 5 cycle deposition of CdS. Polysulfide electrolyte composition 
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(EL06) of 1 M S, 1 M Na2S.9H2O and 0.1 M NaOH in methanol/water (7:3 v/v) and 
Cu2S/brass CEs were used to make the solar cells based on the work from Chapter 3. A 
25 µm thick surlyn film was used as spacer between the two electrodes. Four types of 
solar cells were investigated for I-V performance, IPCE and EIS analysis. The only 
difference in these cells was the different numbers of ZnSe shell depositions (N = 0 – 3) 
made by SILAR. A minimum of three photoanodes were prepared for each types of 
solar cells. QDSCs with 2 cycles of ZnS shells deposited on the photoanodes were also 
prepared.  
4.4.2 QDSC characterisation details 
The I-V measurements were performed using a 150 W Xenon lamp solar simulator. The 
output spectrum of the solar simulator was matched to AM 1.5 G using an optical filter 
and the beam intensity was calibrated to 1 sun (1000 Wm-2) using a calibrated silicon 
solar cell. The silicon solar cell was calibrated by matching its photocurrents to a 
calibrated reference monocrystalline Si cell from Fraunhofer ISE. The IPCE 
measurements were performed in a dark room setup using a 150 W Xenon lamp light 
source optically coupled to a Monochromator (Cornerstone™ 260 with Czerny-Turner 
configuration) to produce monochromatic light having 5 nm resolution. Optical filter 
(OG570 having λcutoff = 570 nm) was used to eliminate second order interference from 
the light source. For data logging, the signal (photocurrent) from the device under test 
(DUT) was measured using a Keithley 236. The light intensity output from 
Monochromator was calibrated using a reference silicon cell and measured during 
experiments using an opto-electronic integrated circuit built with a commercial 
photodiode (OPT301, BurrBrown) as the transducer. The photovoltage decay 
experiments of the QDSCs were performed on an electrochemical workstation 
(VersaSTAT 3) using an LED of 627 nm wavelength as the light source. The 
experimental work on stepped light-induced measurements of photocurrent and 
photovoltage (SLIM-PCV) was performed by Long Zhao in collaboration with Dr. Attila 
Mozer’s group at University of Wollongong. SLIM-PCV variation were used to 
determine the effective electron lifetime (τn) and electron diffusion coefficient (Dn) of 
the solar cells [178]. The measurements were performed with the freshly prepared 
devices and a 635 nm diode laser as the light source. The JSC or VOC decays were 
142 
 
obtained at different laser intensity recorded by a multimeter (ADCMT 7461A). For 
electron lifetime measurements, the laser intensity was tuned to provide small voltage 
change (less than 1 mV). For electron diffusion coefficient measurements, the laser 
intensity was reduced to obtain less than 10% change in the photocurrent. The 
electron density (ncb) in the photoanode film was determined by charge extraction 
method using an AutoLab (AsamaLab). 
4.4.3 QDSC performance with ZnSe shells 
The solar cell performance with different ZnSe shell depositions on the photoanodes is 
shown in Table 4.2 and their corresponding I-V plots in Fig. 4.5. The cell efficiency 
increases from 1.86% for the cells with no ZnSe shells (ZnSe0) to a maximum of 3.99% 
for 2 SILAR cycle deposited of ZnSe shells (ZnSe2). The device efficiency for 3 cycle 
deposited ZnSe (ZnSe3) was lower (η = 3.56%) than that for ZnSe2. The device FFs in all 
cases were around 0.5 – 0.55 which were the highest FFs observed for the QDSCs in 
this research.  
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Figure 4.5: I-V characterisation plots for QDSCs with varying ZnSe coatings. 
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Table 4.2: I-V performance for QDSCs with varying ZnSe shell coatings. 
No. of ZnSe 
shells, N 
η  
(%) 
VOC  
(mV) 
JSC  
(mA/cm2) 
FF 
0 1.86 489 7.25 0.52 
1 1.93 475 7.65 0.53 
2 3.99 580 13.4 0.51 
3 3.56 567 11.9 0.53 
4.4.4  Photovoltage improvement 
The photovoltages for the solar cells with ZnSe2 and ZnSe3 were observed to be 
considerably higher (~570 – 580 mV) than those with ZnSe0 and ZnSe1 (~470 – 490 V). 
Photovoltage decay experiments were performed on the cells to observe any charge 
due to the ZnSe shell deposition. The photovoltage decay plots are shown in Fig. 4.6a. 
The device without any ZnSe shells (ZnSe0), decayed instantly after LED source was 
turned off after 10 s. However with increasing ZnSe shell deposition, the decays in 
photovoltage were gradually slower. This indicated that the ZnSe shell benefits the 
QDSC photovoltage and that higher shell depositions affect the electron lifetime in the 
device positively. All the photovoltage decay plots were fitted with the second order 
exponential decay equation (Eq. 4.1) where the V0, A, b, C and d parameters are given 
in Table 4.3. The two times constants (b-1, d-1) in the equation indicate similar 
recombination mechanism for uncoated (N = 0) and coated (N = 1, 2 and 3) devices. 
V𝑂𝐶 = V0 + A𝑒
−𝑏𝑡 + C𝑒−𝑑𝑡 − − − (4.1) 
 Table 4.3: Fitted parameters from Eq. 4.1. 
No. of ZnSe 
shells, N 
V0 A b C d 
0 -0.00559 0.129277 0.123851 0.129277 0.0412836 
1 -0.00467 0.2584 0.107933 0.2584 0.0359775 
2 0.00054 0.187858 0.072149 0.187858 0.0240497 
3 0.03949 0.243371 0.100796 0.243371 0.0335985 
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The effective electron lifetime, τ for the devices with varying ZnSe shells (N = 0 – 3) 
were calculated using Eq. 4.2 [47] and are shown in Fig 4.6b. The 
dVOC
dt
 term on right 
hand side of Eq. 4.2 is the slope of the photovoltage decay plot.  
τ = − 
kBT
q
(
dVOC
dt
)
−1
− − − (4.2) 
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Figure 4.6: (a) Photovoltage decay and (b) effective electron lifetimes for the QDSCs 
with varying ZnSe shells. 
The devices with ZnSe shells showed a higher electron lifetime compared to the one 
with no ZnSe shells. The electron lifetimes in QDSCs depends on the ratio of injected 
electrons in the conduction band versus electron density in the traps states of TiO2 
films, electron recombination within QD surface traps and back reaction of the injected 
electrons with the oxidised species in the polysulfides. The τ values (Fig. 4.6b) are 
gradually longer for higher ZnSe depositions. This could be due to reduction of surface 
traps in the TiO2 film and/or in the CdSe/CdS QDs due to surface passivation.  
SLIM-PCV measurements were performed on the solar cells for ZnSe0 and ZnSe3 
samples to further investigate the effect of ZnSe on electron lifetimes (τn), electron 
diffusion coefficient (Dn), diffusion length (Ln) and variation in TiO2 conduction band 
position. The plots in Fig. 4.7a and 4.7b shows an enhanced τn for ZnSe coated (ZnSe3) 
devices. The plot in Fig. 4.7c shows that the Dn values are almost identical for devices 
with ZnSe0 and ZnSe3. This suggests that the impact of ZnSe shells on TiO2 films are 
not pronounced. Since the ZnSe deposition serves as shells on CdSe/CdS QDs, it is not 
expected to modify the surface properties of TiO2 films.   
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Figure 4.7: Variations in (a) electron lifetime vs. JSC (b) electron lifetime vs. electron 
density and (c) diffusion coefficient due to ZnSe shell coatings. 
The ZnSe coating layer serves as a blocking layer between the polysulfide electrolyte 
and TiO2/QD interface. Performance improvement in the device can be attributed to 
either the passivation of TiO2/QD surface traps or blocking of recombination of the 
injected electrons from the TiO2 films to the redox species in the electrolyte. The 
variations in Dn values suggested that the role of ZnSe on surface passivation was 
minimal. Thus, the improvement on photovoltage for the devices were due to the 
blocking of electron recombination from TiO2 films to the redox species in the 
electrolyte highlighted by enhanced τn values for the ZnSe3 coated photoanodes.  
4.4.5 Photocurrent improvement 
Sealed QDSCs were prepared for incident photon-to-current conversion ratio (IPCE) 
measurements. There are a number of challenges in fabricating sealed solar cells with 
moderate efficiency. The first problem was to get a good sealing the Cu2S/brass-CE and 
the photoanodes without shorting them. The surlyn films would be sandwiched 
between the Cu2S and TiO2 compact layer of the photoanode. The electrodes were 
(a) (b) 
(c) 
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then heated on a hot plate at 120°C to melt the surlyn and bind the two electrodes 
together. However, after sealing and filling of the electrolyte, the seals would either 
break and the electrolytes would leak out of the cells. The Cu2S surface in contact with 
the surlyn would break away from the bottom Cu2S layer. This could be due to the slow 
penetration of electrolytes into the highly porous Cu2S films. To solve this problem, 
Cu2S/TCO CEs were fabricated to replace the Cu2S/brass CEs. As mentioned in Chapter 
3 (Section 3.4), the Cu2S deposited on FTO was found to peel off when in contact with 
electrolyte. Thus, the Cu2S/brass was chosen as CEs for this study. These brass foils 
were masked during HCl treatment and sulfurisation to form Cu2S in the middle of the 
brass foils with an active area of 0.49 cm2 (0.7 cm x 0.7 cm). Any formation of Cu2S 
outside the 0.49 cm2 active area on the brass was etched off using sandpaper.  
After sealing the electrodes, there were two issues that needed to be solved relating to 
the introduction of electrolyte between the electrodes. The first one was due to 
vacuum filling of the electrolyte which often broke the surlyn seals. Alternatively, the 
electrolytes could be injected by using a micropipette. However, the second technique 
resulted in air bubbles that were visible after the electrolyte injection. Thus, the 
incomplete filling resulted in underperforming cells. The electrolyte filling was carefully 
carried out by injection through micropipettes followed by vacuum pumping. 
The first eight batches of sealed CdSe/CdS-sensitised solar cells were underperforming 
producing low photocurrents (JSC = 1.2 – 3.2 mAcm-2). After careful sealing of the 
electrodes and filling the electrolyte, the performance of later batches of sealed solar 
cells improved considerably. However, most of the sealed solar cells had lower 
efficiencies compared to the open cells. The I-V performance for both sealed and open 
cells showed similar efficiency trends and their IPCE data were comparable. Table 4.4 
shows the I-V data of the sealed CdSe/CdS-sensitised solar cells. The photocurrent 
densities for the sealed solar cells was increased from 7.25 mAcm-2 (ZnSe0) to a 
maximum of 11.9 mAcm-2 for ZnSe2 and then reduced to 8.33 mAcm-2 for ZnSe3. The 
deviations in JSC values (Table 4.4) obtained from I-V measurements to those estimated 
from IPCE spectra is likely to be arising from spectral mismatch of our Xenon lamp 
output spectra to the standard AM 1.5G.  
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Table 4.4: I-V performance for sealed QDSCs for varying ZnSe coatings. 
No. of 
ZnSe 
shells, N 
η  
(%) 
VOC  
(mV) 
JSC  
(mA/cm2) 
FF JSC estimated from 
integration of IPCE 
spectra 
(mA/cm2) 
0 1.86 489 7.25 0.52 5.2 
1 1.93 475 7.65 0.53 5.7 
2 3.22 497 11.9 0.54 11.14 
3 1.81 447 8.33 0.48 8.8 
The incident photon-to-current conversion efficiency (IPCE) of the QDSCs were 
measured for the devices within the range of the spectral response of the CdSe/CdS 
QDs and are shown in Fig. 4.8a. The IPCE for the cells increase with ZnSe coatings 
layers for N = 0 to N = 2 and decreasing for N = 3, following the same trend of the 
photocurrent densities. ZnSe has a theoretical absorption cutoff at λcutoff = 460 nm and 
will absorb within the visible spectra (400 – 770 nm). The light harvesting efficiency 
(LHE) of the CdSe/CdS-sensitised photoanodes was determined following previous 
report [179] to the observe absorption enhancement in the visible range due to the 
increasing ZnSe depositions. Fig. 4.8b shows the variations in the LHE for QDSC with 
varying ZnSe shells. The LHE is almost 100% between 400 – 500 nm for all the QD-
sensitised films. The enhancement in light absorption occurs mainly in the 400 – 700 
nm wavelength regions and a substantial red shift of light absorption is observed for 
the ZnSe coated films due to loss of QD confinement arising from ZnSe shell 
depositions. Previous studies on ZnS shell deposited photoanodes [79, 92] have 
mentioned a similar loss of confinement. For clarity of comparison, the UV-visible 
absorbance spectra for the ZnSe0 and ZnSe3 coated photoanodes are shown in Fig. 
4.8d. As can be seen, the absorbance in the 400 – 600 nm wavelength region for the 
ZnSe coated films increased by a factor of around 1.1 – 1.3 compared to the film 
without coating. Thus, the considerably higher IPCE values observed for ZnSe1 and 
ZnSe2 cannot be completely attributed to the increase in LHE for the ZnSe coated 
photoanodes.  
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Figure 4.8: (a) IPCE (b) LHE (c) APCE spectra for QDSCs with varying ZnSe shells and (d) 
absorbance spectra for the photoanodes with (ZnSe3) and without (ZnSe0) any 
coatings. 
The APCE (absorbed photon-to-current conversion efficiency) values for the cells were 
calculated from Eq. 1.9 and plotted in Fig. 4.8c. The gradually higher APCE values for 
ZnSe1 and ZnSe2 are consistent with our previous analysis of higher τn values obtained 
from the photovoltage decay which show that a gradually higher percentage of the 
electrons injected to the conduction band of TiO2 are contributing to the device 
photocurrents. The APCE is a maximum for ZnSe2 and decreases for ZnSe3 which is 
unlike the gradually increase LHE spectra for increasing ZnSe coatings. The decrease in 
APCE values from ZnSe2 to ZnSe3 ultimately determines the optimum JSC point for the 
CdSe/CdS-sensitised cells.  
A recent report by Soni et al. [180] highlighted the fact that thicker ZnSe shells in a 
CdSe/CdS/ZnSe, “QD/shell” structure benefits the device performance from a better 
electron-hole pair (EHP) separation. The ZnSe shells were reported to contribute to the 
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development of a Type-II regime, confining holes to the ZnSe. This enhances electron-
hole pair (EHP) separation in the CdSe/CdS/ZnSe structures since the electrons are 
pushed towards the conduction band of core CdSe and holes towards the valence band 
of ZnSe shells. This phenomenon will reduce the chances of electron recombination in 
the CdSe/CdS/ZnSe and explains the high IPCE values observed in the cases of ZnSe2 
and ZnSe3.  
4.5 Comparison with ZnS shell 
Typically the most efficiency QDSCs are reported to be prepared with 2 cycle ZnS shells 
depositions. Two batches of solar cells with different shell materials (ZnSe and ZnS) 
were prepared for the purpose of performance comparison. The efficiency of the best 
performing QDSC with ZnS shells was 3.43% compared to 3.99% observed for the best 
performing cell with ZnSe shells. The study on CdSe-sensitised solar cells shows that 
hole transfer is 2 – 3 orders lower than electron injection in the device [147, 172]. 
Better hole extraction from QDs to the electrolyte due to the favourable band 
alignment ZnSe shells would likely to benefit device photocurrent. Table 4.5 shows the 
photocurrent densities of QDSCs with ZnSe and ZnS were similar (JSC = 13.4 mAcm-2).  
Table 4.5: Device performance for ZnS and ZnSe shell layers. 
Shell 
layer 
η 
(%) 
VOC 
(mV) 
JSC 
(mA/cm2) 
FF 
ZnS 3.43 562 13.4 0.45 
ZnSe 3.99 580 13.4 0.51 
Since, the photocurrent densities did not improve with ZnSe shells, it can be concluded 
that the hole extraction from QDs to the electrolyte was not a limiting factor for the 
photocurrents in CdSe/CdS-sensitised solar cells. The I-V data and plots for the top 
performing QDSC with these two shells are given in Table 4.5 and Fig. 4.9, respectively. 
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Figure 4.9: I-V plots for QDSCs with ZnSe and ZnS coatings. 
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Figure 4.10: (a) Photovoltage decay and (b) electron lifetime for QDSC with ZnS and 
ZnS coatings. 
The I-V data showed a slightly higher VOC and FF for the ZnSe coated device. The 
electron lifetimes for ZnSe and ZnS shell deposited QDSCs were calculated from the 
electron lifetime equation (Eq. 4.2) correlating to the photovoltage plot. The plots in 
Fig 4.10b show that QDSC with ZnSe shell has a higher electron lifetimes than that for 
ZnS in the lower voltage range (0 – 0.25 V) and are similar beyond 0.25 V. The 
additional VOC of 18 mV (= 580 – 562 mV) observed for QDSCs with ZnSe shells could be 
attributed to the better electron lifetimes observed in TiO2 films for ZnSe shells. 
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4.6 Chemical transformation of ZnSe shell 
Previous reports [78, 181] suggest metal selenides, MSe (where M = Cd and Zn) can 
undergo a chemical transformation to form MSe1-xSx composite in the presence of 
polysulfide electrolytes. XPS analysis was performed on a CdSe/CdS/ZnSe-sensitised 
photoanode before and after contact with polysulfide electrolyte to check for such 
chemical transformations in the films. The Se 3d5/2 peaks at BEs of 53.4 eV and 54.5 
eV are attributed to CdSe [182] and ZnSe [183], respectively in Fig. 4.11. The 
measurements performed on the sample after one hour exposure to the polysulfide 
electrolyte are labelled “after”. The intensity of Se 3d peak in the “after” scan was 
significantly reduced and a single Se 3d5/2 peak for CdSe at 53.4 eV was observed. The 
second XPS measurement (“after”) had lower counts than the first measurement 
(“before”). Thus, the reduction in ZnSe peak in the “after” samples does reflect 
decrease but cannot be directly quantified and compared to the “before” 
measurement. The absence of ZnSe peak at 54.5 eV indicated the first significant 
chemical change in the photoanode. In the “before” scan for S 2p, two S 2p3/2 peaks 
are found. The first at 161.1 eV corresponding to CdS [128] and a 160 eV peak mostly 
likely to be from ZnSe bonds [183]. The XPS analysis for S 2p scan done on the sample 
after it came into contact with the electrolyte had three peaks: 
(a) The S 2p3/2 peak at 161.1 eV that was attributed to CdS bonds 
(b) A new S 2p3/2 peak at 162.2 eV 
(c) A second new peak at 168.5 eV and  
The new S 2p3/2 peak at BE of 162.2 eV corresponds well to sulfide bonding in ZnS 
[184]. This indicates formation of new Zn and S bonds on the sample surface which is 
consistent with higher S concentrations in the sample. The previously seen ZnSe peak 
at 160 eV was absent. The third S 2p3/2 peak at BE of 168.5 eV suggests formation of 
new sulfate bonds [132]. There is evidence of an increase of Na atoms in the sample 
which could be due incorporation of the large Na+ concentration in the electrolyte 
coming from Na2S.9H2O and NaOH. However, Na 1s peak position at BE of 1072 eV 
does not provide anything conclusive since that peak could be due to sulfate, 
carbonate or even hydroxide bonds. The S 2p3/2 peak position at BE = 168.5 eV could 
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be due to sulfate bonds with Na, Cd or Zn. Thus, based on XPS analysis we could not 
draw conclusions about the cation binding with the sulfate.  
  
 
Figure 4.11: XPS peaks and fitted spectra for Se and S both before and after contact 
with polysulfide electrolyte. 
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Figure 4.12: Raman peaks for CdS/ZnSe-sensitised photoanode before and after 
contact with polysulfide. 
Raman measurements were performed on CdS/ZnSe-sensitised photoanodes before 
and after contact with polysulfide. The 1LO characteristic peak for CdS at 299 cm-1 and 
LO peak for ZnSe at 251 cm-1 were observed as a broad peak in Fig. 4.12 (Photoanode: 
before contact with polysulfide). The peak at 254 cm-1 corresponds to ZnSe and the 
trailing end of the broad peak covered the CdS 1LO peak position. The weaker trail of 
CdS are probably due to the fact that the Raman peak is observed for 7 cycle deposited 
CdS (CdS7) is not very strong and the CdS core signal gets buried by signal from ZnSe 
shell layer. In addition to the LO ZnSe peak, the broad peak centred at 206 cm-1 
corresponds to the transverse optical (TO) peak for ZnSe [143]. There was a weak and 
broad peak centred around 306 cm-1 which overlaps the LO 299 cm-1 peak for CdS.   
The ZnS-like vibrations in ZnSe1-xSx could be confirmed by TO peak at 281 cm-1 and LO 
peak at 329 cm-1 [185]. However, such peaks were not observed in our Raman spectra. 
The concentration of ZnS was most likely to be too low to register a noticeable Raman 
peak. After contact with polysulfide, the measurements show that both the TO and LO 
ZnSe peaks have disappeared and a new peak at 454 cm-1 was observed. This peak was 
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not observed throughout the surface of photoanode indicating the formation for the 
material was not homogeneous in distribution. However, the peak could not be traced 
conclusively back a new compound formation or impurity in the sample. 
Based on XPS analysis we can conclude that ZnSe shell partially transforms to ZnS due 
to contact with polysulfide. The formation or existence of the tertiary compound, 
ZnSe1-xSx could not be identified from either XPS or Raman spectroscopy. Polysulfide 
electrolyte contains a number of sulfur species [159, 160] which could interact with 
the sample leading to the sulfurisation of ZnSe. This sulfurisation occurred within the 
first hour of contact with polysulfide electrolyte. The EDS quantitative analysis shows 
that the Zn atoms remain unchanged. However, the incorporation of sulfur in the 
sample could be attributed to the new sulfide (ZnS) and sulfate bonds. The formation 
of new Zn and S bond was confirmed from XPS analysis. The analysis based on XPS and 
Raman spectroscopy shows that the solar cells deposited with ZnSe shells are not 
chemically stable inside the sealed cells. However, I-V characterisations were carried 
out on the sealed cells for four hours after initial I-V measurement. The efficiency, 
photovoltage and photocurrent were found to be stable and not affected by the 
chemical transformation of ZnSe.  
4.7 Conclusions 
The effect of alternative ZnSe shell deposited on the QD-sensitised has been 
investigated in detail in this chapter. The SILAR deposited ZnSe has hexagonal phase 
structure and are homogenously distributed along the surface as well as the cross-
section of the TiO2 porous film. Raman spectra confirmed the existence of ZnSe in the 
films from the slightly blue shifted (3cm-1) ZnSe LO peak at 254 cm-1. The observed blue 
shift in ZnSe peak from the standard LO peak at 251 cm-1 was attributed to 
compressive strains due to lattice mismatch between TiO2 and ZnSe. The I-V 
performance for the devices improved with increasing ZnSe shells depositions. A 
maximum efficiency of 3.99% with VOC = 0.58 V, JSC = 13.4 mAcm-2 and FF of 0.51 was 
achieved. The high efficiency for the cells with increasing ZnSe shells depositions was 
due to better photovoltage and photocurrent densities. The two main factors 
contributing to photocurrent improvement from higher depositions of ZnSe shells are 
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better light harvesting by ZnSe in visible region and efficient EHP separation. A thicker 
ZnSe shell have been reported to improve charge separation in the CdSe/CdS/ZnSe 
structure pushing electrons towards CdSe core and the holes towards ZnSe shell. The 
photovoltage improvements due to higher ZnSe shell depositions were attributed to 
higher in electron lifetimes in the porous TiO2 network.   
The solar cell performance with ZnSe shells was better than with the ones with 
conventionally used ZnS shells (3.99% vs. 3.43%). Similar photocurrent densities prove 
that hole transfer from QDs to electrolyte is not a limiting factor for photocurrent 
production. The longer electron lifetimes were observed in the devices with ZnSe 
shells compared to ones with ZnS shells resulting slightly higher photovoltages for the 
cells with ZnSe shells. The stability of the ZnSe shells was analysed in the final stage of 
this study using XPS and Raman spectroscopy. The photoanodes with ZnSe shells 
depositions shows increase in sulfur content after having contact with polysulfide 
electrolyte for an hour. XPS analysis confirms the presence of new sulfide bonds 
corresponding to ZnS. The ZnSe peak is greatly reduced indicating a preferential ZnS 
formation in the sample surface. A new sulfate peak was also observed but a 
conclusion about ZnSe1-xSx compound formation could not be made from XPS analysis. 
Further analysis with Raman spectroscopy reveals the absence of characteristic Raman 
LO and TO peaks for ZnSe which points to similar conclusions drawn from XPS analysis. 
No Raman peaks could be traced for ZnS in our sample after contact with polysulfide. 
The sample was exposed up to 6.5 hours in polysulfide electrolyte to check for 
chemical transformation. The Raman measurements after the first hour were identical 
to the one observed after one hour of polysulfide exposure indicating the chemical 
transformation occurs within the first hour of electrolyte contact. The solar cell 
performance did not however, degrade which is highly desirable. The efficiency and 
other parameters of the sealed solar cell remained intact after 4 hours indicating 
chemical transformation due to contact with polysulphide does not affect the QDSC 
performance negatively. ZnSe shell depositions could be used in future depositions of 
high efficiency QD-sensitised solar cells. 
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Summary, Conclusions and Future Work 
 
5.1 Summary of this thesis 
CdS and CdSe quantum dot semiconductor nanoparticles and CdSe/CdS-sensitised 
solar cell performance have been investigated in this research. The key findings are 
summarised in the sections below following their order of appearance in this thesis.  
1. CdS QD growth deposited by SILAR method 
The CdS nanoparticles were studied in detail to shed light on formation and growth 
mechanism via SILAR. The CdS quantum dots were found to have hexagonal crystal 
structure. The direct deposition of CdS on the TiO2 substrates resulted mainly in 
creation of new adsorption centres in the first 1 – 3 cycles of deposition which was 
confirmed by an exponential increase of peak absorbance spectra. The surface 
coverage calculations shows saturation of new adsorption centres from 7 deposition 
cycles. The CdS particle size distribution plots showed lower size dispersion and 
revealed that for the 7 or 9 cycle deposited samples the frequency of smaller particles 
(1 – 2 nm) were absent. This suggests that beyond 7 cycles the depositions contributed 
entirely to particle growth. Beyond the 9th SILAR deposition cycle the quantum 
confinement properties were also observed to slowly diminish approaching bulk CdS 
behaviour. A two-step growth mechanism has previously been proposed but not 
clarified in such detail. This research correlates particle properties such as size, 
distribution, surface coverage of TiO2 and increase in peak absorbance due to QD 
loading in the sample to understand the CdS growth mechanism for SILAR. The CdS 
growth can be described as a three-step process of initial particle formations (1 – 3 
cycles), later growth combined with gradually fewer new particle formations (between 
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3 – 7 cycles) and finally layer by layer accumulation of the loaded dots (from 7 cycles 
and onwards).  
2. Quantum confinement of nanoparticles produced by SILAR 
 
The CdS and CdSe particle sizes were found to be in the ranges of 2.7 – 4.7 nm and 3.3 
– 4.6 nm, respectively. For 3 – 9 cycle depositions, these particles exhibited size-
dependent bandgap which is characteristic of quantum confinement in 
semiconductors. In the given particle size range, for every nm decrease in particle size, 
the bandgap for CdS increased by 0.108 eV and by 0.184 eV for CdSe. The trend of 
bandgap variation for the particles matched closely to the theoretically predicted 
values within a certain degree of error. The larger deviation from theoretical value was 
observed for nanoparticles close to their Bohr radius where the particle collection 
starts to behave as bulk material due to “tail effect” and broader particle size 
distribution around the average dot size. The correlation of QD particle sizes to their 
corresponding bandgap helps to quantify the cutoff in absorption spectra for a specific 
dot size. For example, in a CdSe-sensitised photoanode, by reducing the dot size of 
CdSe from 4.3 nm to 3.3 nm, the spectral response can be shifted from 672 nm (red) to 
615 nm (orange). Light absorbers used in tandem cells or as co-sensitisers are 
especially required to be tuneable for selective light harvesting. The study on quantum 
confinement not only confirms the QD nature of these the nanoparticles made by 
SILAR but provides useful information to specify the exact dot size required for a 
particle spectral response for solar cell and other photonic applications. 
 
3. Size dependent photodegradation in CdS quantum dots and passivation 
The photoinduced degradation of CdS nanoparticles were found to be size dependent 
with the smaller nanoparticles showing a faster degradation. The amount of 
degradation was determined from the reduction in peak light absorbance of CdS 
quantum dots over a 24 hour period exposed to air and fluorescent light conditions. 
The final absorbance corresponds to the concentration of the CdS dots that has not 
undergone chemical transformation. The 2.7 nm CdS quantum dots were found to 
have 85% photoinduced degradation during 24 hours of exposure to light and air.  The 
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CdS quantum dots having larger particles sizes of 2.9 nm, 3.6 nm and 4.7 exhibited 
gradually lower degradations of 59.8%, 17.7% and 19.9%, respectively. XPS analysis 
confirmed that the surface sulfides interact with oxygen to transform to sulfates 
forming CdSO4. Molecular Dynamics simulation carried out to estimate the surface 
sulfides in the CdS nanoparticles shows the sulfide content to be 19.22% for 2.7 nm 
CdS particles. The percentage of surface sulfides gradually reduces to 16.8%, 15% and 
11.21% for 2.9 nm, 3.6 nm and 4.7 nm CdS quantum dots. The smaller particles have a 
higher surface area to interact with oxygen. The presence of higher surface sulfide in 
the smaller dots thus leads to a faster oxidation of CdS. Photodegradation studies of 
CdS nanoparticles adds to the knowledge of CdS quantum dot property of having size 
dependent photodegradation which has previously not been reported to the best of 
our knowledge. Two layer depositions of ZnS shell on CdS-sensitised photoanodes via 
SILAR was found to improve the photostability while 4 layers of ZnS shell depositions 
successfully prevented photodegradation of the CdS quantum dots. 
4. CdSe/CdS-sensitised solar cell performance with ZnSe shells 
High performing CdS/CdSe-sensitised solar cells have previously been reported to have 
efficiencies in the range of 3.78 – 3.9% using ZnS shell depositions [79, 90, 92]. A 
CdSe/CdS-sensitised solar cell was realised using an alternative ZnSe shells deposited 
on the photoanode for this research. The device efficiency achieved with this solar cell 
was 3.99% (VOC = 0.58 V, JSC = 13.4 mAcm-2) which includes a TiO2 blocking layer. After 
performing TiCl4 treatment on the working electrode, the device efficiency was further 
increased to 4.17% (VOC = 0.586 V, JSC = 17.24 mAcm-2). Research on the ZnSe shell 
deposited quantum dot structures is scarce [78, 180] which severely limits 
understanding the role of ZnSe shells in quantum dot-sensitised solar cell. This 
research has identified an optimum 2 cycle deposition of ZnSe shells for achieving 
maximum solar cell efficiency. The device photovoltage improvement has been 
attributed to the enhanced electron lifetime in TiO2 films where the ZnSe shell acts as a 
blocking layer to prevent recombination of the injected electrons to the redox species 
in the electrolyte. The improvement in photocurrent was due to enhanced light 
harvesting from the ZnSe shells, better electron-hole pair separation in CdSe/CdS/ZnSe 
structure where the maximum photocurrent was limited by the absorbed photon-to-
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current conversion efficiency. The last part of study on ZnSe shells were done to assess 
the stability of the material after coming into contact with the polysulfide electrolyte 
within the device. Since the chemical transformation did not affect the QDSC 
efficiency, the use of ZnSe shells can be recommended in QDSCs. 
5.2 Future research 
The following directions are suggested for further research of quantum dot-sensitised 
solar cells based on this thesis: 
1. Since QDs are not expected to form complexes with the ZnO reducing the 
“active sensitisers” in the system, both ZnO nanocone and nanorod structures 
is suggested to be incorporated in QDSCs for realisation of a high performance 
device. Owing to higher surface area of ZnO nanorods, higher QD loading and 
photocurrent generation can be expected. If the stability issue does not affect 
QD-ZnO binding, the results could be different than those observed using dyes.  
2. Amongst the semiconductor materials, CdTe and PbS has direct bandgaps of 
1.58 eV and 0.37 eV, respectively [9]. The cutoff wavelength for CdTe (λcutoff = 
786 nm) covers the entire visible region. The Bohr radius of CdTe is around 7.3 
nm [186] which is larger than that of CdS or CdSe and offers a change of better 
tunability of the CdTe bandgap. On the other hand PbS has a cutoff for light 
absorption till 3357 nm in the solar spectra and a large Bohr radius of 18 nm 
[104]. The large Bohr radius makes PbS one of the most attractive QDs since 
the onset of absorption can be tuned to blue shifted from 3357 nm (`0.37 eV) 
to around 620 nm (~2 eV) covering the IR part of the solar spectrum which is 
largely unutilised. PbS nanoparticles have also been reported to demonstrate 
multiple exciton generation (MEG) [187] Higher surface coverage and 
homogeneous distribution of PbS quantum dots deposited by SILAR has been 
identified as a bottleneck for achieving higher efficiencies [81]. Research on 
CdSe/PbS, CdTe/PbS and CdSe/CdTe dual-sensitisers structures are likely to 
pave the way for highest QDSC conversion efficiencies. 
3. The electrolyte filling methods has been reported to result in variations in VOC 
and JSC in DSCs [188]. The simple injection and vacuum filling methods used in 
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this research needs to be further adjusted to achieve maximum device 
efficiency. Experimental work and analysis of I-V performance should be carried 
out for better sealing of the electrodes and a complete electrolyte filling of the 
QDSCs. Further, device characterisations like light soaking and stability tests 
which requires prolonged light exposure under operating conditions could be 
carried out after optimisation of sealed QDSCs.  
4. Experimental work on fabricating CdSe and CdS quantum dots by colloidal 
synthesis method and chemical bath deposition to determine surface coverage, 
particle size control, QDSC performance and internal device impedances is 
suggested. The focus of the research would be to identify the best solution-
processed method for fabrication of quantum dots for the sensitised solar cells. 
5. The QDSC efficiency could be further improved by optimising the thickness of 
TiO2 blocking layer. The compact TiO2 layer was fabricated by Spray Pyrolysis 
following previous report where the thickness was less than 70 nm. Due to 
lower VOC values the blocking layer is believed to be more effective in QDSCs 
and needs further scrutiny for maximising device efficiency. 
6. Most of experimental studies on plasmonic metal involve expensive Au and Ag 
nanoparticles. Cheaper Cu nanoparticles also exhibit SPR for visible light. 
Experimental work on successful incorporation of Cu nanoparticles onto the 
TiO2 substrate and tuning the particle size and shape to tailor the absorption 
peaks would contribute to plasmon enhanced QDSC research. 
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Appendix 
 
A. Standard AM 1.5 spectra 
Approximately  23% of this sunlight from space gets absorbed by earth’s upper 
atmosphere and 25% is reflected back to the space [189]. The remaining 52% that 
passes through the atmosphere and reaches earth’s surface becomes attenuated due 
to absorption and scattering by ozone, CO2, water molecules, dust layers, etc. 
Depending on the sun position and angle of incidence, the passage of sunlight through 
the earth’s atmosphere varies.  The actual passage through the atmosphere is 
accounted by an air mass (AM) number. The solar cells made for space satellites or 
vehicles are characterised using the original sun spectra (AM 0). In order to set a 
reference for various solar cell measurements at different latitudes on the earth 
surface, a standard solar spectrum of AM 1.5G has been defined where G stands for 
“global” and contains both “direct” and “diffuse” components of sunlight.  
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Figure A1: Standard solar spectrum of AM 1.5G and AM 1.5D for terrestrial 
applications. 
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The global incident solar spectrum on earth’s atmosphere (AM 1.5G) along with the 
direct component (AM 1.5D). The UV, visible and IR portions are approximately 5%, 
46% and 49% of the total solar spectrum. The solar cells and modules made for 
terrestrial applications are characterised using the standard AM 1.5G or in some cases 
AM 1.5D as reference spectra. Most single source solar simulators for I-V 
characterisation uses xenon or halogen lamps to simulate the reference AM 1.5G or 
AM 1.5D spectra.  
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B. Sample calculation for surface coverage ratio 
The surface coverage of 2.7 nm CdS (3 deposition cycles) is shown here as an example. 
The EDS analysis performed with Quanta 3D on CdS sensitised photoanodes. The mass 
percentage (%M) for TiO2 and CdS were determined to be 97.48% and 2.52%, 
respectively. The surface coverage of TiO2 by CdS nanoparticles was determined by 
translating the percentage values in a 1 gm basis. Thus, TiO2 and CdS masses would be 
0.9748 gm and 0.0252 gm in 1 gm of CdS-sensitised TiO2 film. The TiO2 nanoparticles 
were approximated to be cubic in shape, having 20 nm sides.  
Density of anatase TiO2, ρ = 3.84 x 106 gm/m3 (literature) 
Volume of one TiO2 particle, v = (20 x 10-9)3 m3 = 8 x 10-24 m3 
Mass of one TiO2 particle, m = ρv = 3.07 x 10-17 gm 
The number of TiO2 particles (3.18 x 1016) was determined by dividing TiO2 mass in 1 
gm (M = 0.9748 gm) by the mass of one TiO2 particle (m). 
Thus, the number of cubic TiO2 particles in 1 gm, N = 
M
m
 = 3.18 x 1016  
Available TiO2 surface area (A) for CdS adsorption was determined by taking surfaces 
of all six sides of the TiO2 cube. 
Total TiO2 surface area = 3.18 x 1016 x 6 x (20 x 10-9)2 m2 = 76.32 m2 
This value is in excellent agreement with the specific surface area of TiO2 (79.2 m2/gm) 
measured by BET method [151]. In the case of CdS, each CdS nanoparticles were 
assumed to have cubic shape which would allow specifying only one side of the cube 
and corresponding area to be attached to the larger TiO2 particles.  
Volume of spherical CdS particle = volume of cubic CdS particle 
Or, 
4
3
πr3 = L3 
Or, L = √
4
3
𝜋(
𝑑
2
)3
3
 = √
4
3
𝜋(
2.74 ×10−9
2
)3
3
 = 2.208 nm 
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Surface area of one CdS particle that would be covering TiO2 surface = L2 = 4.87 x 10-18 
m2 
Density of CdS, ρ’ = 4.82 x 106 gm/m3 (literature) 
Mass of one CdS nanoparticle, m′ = ρ′v′ = (4.82 × 106) ×  (2.208)3 = 5.19 × 10−20gm 
Number of CdS nanoparticles in 1 gm =
0.0252
5.19 ×10−20
= 4.85 × 1017 
Total surface covered by CdS nanoparticles = (4.85 x 1017) x (4.82 x 106) = 2.36 m2 
The TiO2 surface area in the porous nanoparticle network has been approximated to 
be 38.16 m2 considering 50% porosity. 
Thus, the surface coverage of TiO2 by CdS =
2.36 ×100
38.16 
= 6.2 % 
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C. Sample calculation for theoretical bandgap 
The theoretical bandgap for CdS and CdSe were calculated using Eq. 2.1. The Emin value 
obtained for 2.7 nm CdS (3 deposition cycles) is shown in this section. 
Emin = Eg + 
△ E
q
−  
1.8q2
4πqϵϵor
(eV) = Eg + 
ћ2π2
2mqr2
−  
1.8q
4πϵϵor
(eV) −  − − (2.1) 
The values of the parameters in right hand side of the equation required to calculate 
size dependent bandgap of CdS nanoparticles are given below: 
Eg = 2.42 eV (bulk bandgap of CdS)  
ћ = 1.054 x 10-34 kgm2s-1 (reduced Planck’s constant) 
m =
mn
∗ mp
∗
mn
∗ +mp
∗ = 1.515 x 10
-31 kg (reduced mass calculated from electron and hole 
effective masses)  
mn* = 0.21mo for CdS (electron effective mass) [9] 
mp* = 0.8mo for CdS (hole effective mass) [9] 
mo = 9.11 x 10-31 kg (rest mass of an electron) 
q = 1.6 x 10-19 C (charge of elementary electron) 
ϵ = ϵrϵo (permittivity of CdS) 
ϵr = 8.9 for CdS (relative permittivity) [9] 
ϵo = 8.854 x 10-12 kg-1m-3s4A2 (permittivity of free space) 
r = 2.7 x 10-9 m (particle diameter measured from HR-TEM) 
Putting these values in Eq. 2.1, we find Emin = (2.42 + 0.31025 – 0.1077) eV = 2.6225 eV 
as the theoretical bandgap for 2.7 nm CdS QDs. 
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D. Dye-sensitised solar cell performance using ZnO substrates 
D.1 Introduction 
This section of the appendix includes experimental results, analysis, discussions and 
scientific contributions from the collaborative research work done on ZnO substrate-
based dye-sensitised solar cells. Peng Wang’s group from the Chinese Academy of 
Sciences synthesised and provided an organic dye (C218) having high extinction 
coefficient for this research. This dye’s (C218) performance has previously not been 
reported in ZnO-based DSCs. Two ZnO nanostructures having cone and rod-like shapes 
were provided to us by Eric Waclawik’s group from QUT. Three dyes, namely C218, 
D205 and N719 were chosen to fabricate DSCs with ZnO nanocone and nanorod-based 
films. The solar cell performance has been analysed to shed light on the prevailing 
reasons for the better performing ZnO structure.  
D.2 DSCs with ZnO WEs 
ZnO has a direct bandgap of 3.2 eV and is generally regarded as the second choice of 
substrate material for DSCs after TiO2. DSCs with ZnO nanostructures such as rods, 
tubes, flowers, wires, particles, sheets have been investigated for high energy 
conversion [21, 190-201] and the best performing ZnO-based DSC has an efficiency of 
7.5% compared to that of 11.9% for TiO2-based DSCs [202]. One of the main reasons 
for the comparatively low performance is the chemical stability of ZnO. The carboxylic 
groups (-COOH) of the dyes that bind with ZnO causes it to dissolve and form Zn2+-dye 
complexes and precipitate in the film pores. Some organic dyes have been reported to 
not form such precipitates and are more suited for the ZnO-based DSCs [21]. Based on 
this finding, two organic dyes, C218 and D205 were chosen for this study and 
compared with the widely used N719 dye. C218 and D205-sensitised solar cells based 
on TiO2 nanorod substrates have previously been reported [47]. However, their 
performance in ZnO nanocone-based DSCs has not yet been reported.  
Research on TiO2 nanostructures have shown that nanocrystals with higher exposed 
(001) facets were beneficial for higher DSC performance [151, 203, 204]. Two recently 
made ZnO nanostructures having network of particles the shape of cone and rods were 
studied in this chapter. These ZnO nanocones and nanorods had exposed dominant 
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(101̅1) and (101̅0) facets, respectively. ZnO nanorod structure with (101̅0) exposed 
facets is typically used in DSC. However, the other ZnO nanocone structure with high 
index (101̅1) facets have not yet been reported with DSCs. Thus, for C218, D205 and 
N719-sensitised solar cells these two ZnO nanostructures were chosen for 
performance study.  
D.3 Experimental section 
ZnO powders were prepared following previously published method [205]. ZnO pastes 
were prepared by adding 0.2 gm of the ZnO powder, 0.1 gm of poly(ethylene glycol) 
(PEG, MW = 6000 Fluka), 0.05 gm of hydroxypropyl cellulose (HPC, MW = 100000, 
Acros Organics) and 0.8 gm of deionised water. The paste was kept under constant 
stirring for 24 hrs and later doctor bladed on clean TEC15 (Pilkington) FTO substrates. 
The films were then dried on hot plate at 100°C for 15 minutes and sintered at 400°C 
for 30 minutes in a Muffle furnace. The film thickness was measured using a stylus 
Profilometer (Dektak 150). Compact layer of ZnO was deposited via Spray Pyrolysis 
following literature [202]. 0.1 M dye (C218, D205 and N719) solutions were prepared 
in acetonitrile/tert-butanol (1:1 v/v). 1 mM chenodeoxycholic acid was added in the 
C218 and D205 solutions to reduce dye aggregation. The ZnO films were dipped in the 
three dye solutions for 120 minutes. Similar dipping times were used since the purpose 
of the experiments would be to compare the DSC performances using ZnO substrates 
under similar dye loading conditions. The dipping time was determined based on a 
report by Chou et al. [206]. An iodide/tri-iodide electrolyte (ELDSC1) having 0.6 M 3-
propyl-1-methylimidazolium iodide (PMII), 0.2 M sodium iodide (NaI), 0.06 M iodine 
(I2) and 0.5 M 4-tert butylpyridine (TBP) in 3-methoxypropionitrile (MPN) composition 
was used as hole transporting material. Pt-CEs were prepared by drop casting 5 mM 
chloroplatinic acid hexahydrate solution on clean TCOs and sintering at 400°C for 30 
minutes inside a furnace. A 25 µm surlyn film was used as a spacer between the two 
electrodes and heated to 120°C for the film to melt and permanently bind the 
electrodes. 
Surface morphology for the films, particle sizes and specific surface area for ZnO 
nanocones and nanorods were determined by using JEOL JSM-7001F FESEM, JEOL JEM-
2100 TEM, BET method based on nitrogen absorption/desorption isotherm with a 
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micrometrics analyser Tristar II 3020, respectively [205, 207]. The amount of C218 and 
D205 loading was determined from the change in absorbance of the corresponding 
dye solutions before and after immersion of the ZnO film. This variation in absorbance 
was translated to concentration from the Beer-Lambert calibration plot and later 
converted to dye loading per volume of the film (M/cm3). UV-visible absorbance 
measurements were carried out using Varian Cary 100 spectrophotometer. N719-
sensitised ZnO films were immersed in 1 M NaOH solution where the N719 dyes de-
adsorbed in the solution within minutes. The N719 loaded amount was determined 
from the concentration of N719 de-adsorbed in the NaOH solution.  
The I-V measurements for the ZnO-based DSCs were performed using a 150 W Xenon 
lamp solar simulator. The output beam was matched to AM 1.5G using an optical filter 
and calibrated to 1 sun intensity (1000 Wm-2) by varying the light intensity to match 
the short-circuit photocurrent current of a calibrated silicon solar cell generated under 
simulated AM 1.5 G spectra. Due to higher device capacitance, both forward (0 V to 
VOC) and reverse scans (VOC to 0 V) were carried out and photocurrents were calculated 
by taking average. A sampling delay of 100 milliseconds was maintained for 
measurement accuracy. The photovoltage decay experiments were performed on an 
electrochemical workstation (VersaSTAT 3). A red LED of 627 nm wavelength was used 
as the light source in the photovoltage decay experiments. No ac or dc voltage bias 
was applied during the photovoltage decay experiments. At least three cells were 
tested for each measurement to account for precision. 
D.4 ZnO film properties 
The nanorods were approximately 250 nm in length and 40 nm in width and were 
joined together forming a network of nanorods as shown in Fig. D1a. The triangular 
cone shaped ZnO films in Fig. D1b are labelled in this chapter as ZnO nanocones. Each 
side of these nanocones were approximately 100 nm in length. The average films 
thicknesses for the nanocones and nanorod films with one doctor blade coating are 
shown in Table D1. The surface area of the ZnO nanocones and nanorods were 
measured to be 12.05 m2/gm and 15.58 m2/gm, respectively from BET analysis. Based 
on the higher surface area and film thickness, higher dye loading resulting a higher 
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device photocurrents could be expected for the ZnO nanorod-based films. The ZnO 
properties are summarised in Table D1.  
 
Figure D1: FESEM images for (a) ZnO nanorod and (b) nanocones. 
Table D1: Summary of ZnO particle and film properties [205, 207]. 
ZnO  
structure 
Particle size 
(nm) 
Surface area  
(m2/gm) 
Thickness of single layer coating 
(µm) 
Cones 100 12.05 3.84 
Rods 250/40 (l/w) 15.58 4.17 
D.5 Dye loading on ZnO 
Typically higher dye loading corresponds to a higher photocurrent generation in DSCs 
provided that a monolayer of dye is adsorbed on the porous films. Chou et al. reported 
[206] that for each dye concentration there is an optimum immersion time and that 
the longer immersion time in dye results in deterioration of ZnO. An optimum dipping 
time of 120 minutes was calculated based on their published report. Similar 
concentrations (0.1 M) for the three dyes were prepared for similar loading rate and 
for the purpose of comparison. The molar extinction coefficients of the dyes were 
measured from Beer-Lambert calibration curve and illustrated in Table D2.  
The amount of dye loading for C218, D205 and N719-sensitised films were determined 
to account for photocurrent variations in the solar cell performance. Single layer 
doctor bladed coating of ZnO films were used for the dye loading measurements and 
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WEs prepared by ZnO cones and rods were used as substrates for each dye. The dye 
loading for different dyes in the ZnO films are shown in Table D3.  
Table D2: Molar extinction coefficients for C218, D205 and N719 dyes. 
Dye Extinction coefficient, ε 
(M-1cm-1) 
Measurement peak 
(nm) 
C218 53481 483 
D205 18005 530 
N719 10847 501 
Table D3: Amount of dye loading in the ZnO films. 
Dye ZnO  
structure 
Dipping time 
(mins) 
Dye loading (x 10-4) 
(M/cm3) 
C218 cone  
 
120 
0.79 
rod 1.32 
D205 cone 0.36 
rod 1.79 
N719 cone 1.49 
rod 1.46 
In the case of organic dyes, there is a pronounced contrast between dye loading on 
ZnO cones and rods. Amount of D205 loading on ZnO nanorods films are almost 5 
times that for ZnO nanocones. In case of C218, the loading ratio for rods to cones is 
1.67. BET calculations in Table D1 shows that nanorods have a higher surface area 
compared to the nanocones by a factor of around 1.3. Thus, the high dye loading ratio 
for nanorods suggests a better dye bonding between the organic dyes and the ZnO 
nanorod structure. In the case of N719, dye loadings in ZnO nanorods and nanocones 
were almost similar. This indicates a similar adsorption mechanism for the Ru-based 
dyes in the nanocone and nanorod films which was not similar to the case of organic 
dyes. 
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D.6 Device performance 
The I-V measurements for the DSCs with a single layer coating of ZnO films are 
summarised in Table D4. The I-V plots for these cells are shown in Fig. D2 where ‘nc’ 
and ‘nr’ denotes nanocones and nanorods, respectively. For all of the three different 
dyes, higher efficiencies were observed for ZnO nanocone-based cells. In the case of 
organic dyes, photocurrent densities achieved for the ZnO nanocones were almost 
twice compared to those for nanorods in spite of the noticeably higher dye loading in 
the nanorods. 
Table D4: I-V performance data for DSCs with single layer coating of ZnO films. 
Dye ZnO  
structure 
η  
(%) 
VOC 
(V) 
JSC  
(mA/cm2) 
FF 
C218 cone 2.63 0.585 8.81 0.51 
rod 1.08 0.508 4.46 0.47 
D205 cone 1.04 0.548 3.51 0.54 
rod 0.38 0.385 1.62 0.47 
N719 cone 2.19 0.609 6.67 0.54 
rod 1.4 0.528 4.87 0.54 
For C218-sensitised cell, higher JSC values can be attributed to the light harvesting 
efficiency owing to high molar extinction coefficient for C218. For the N719-sensitised 
cells, despite similar N719 loading in the two ZnO films, the JSC values found for 
nanocones were 1.37 times higher nanorod-based solar cells. The nanostructure 
surfaces were further investigated by Eric Waclawik’s group [205] to explain the 
varying contribution of the loaded dyes in the two nanostructures.  
The device photocurrent depends on a number of factors like light harvesting 
efficiency (LHE), separation of conduction bands between ZnO and LUMO level of dye 
that determines the electron injection efficiency (ϕinj) and the efficiency of electron 
collection (ηC) by the redox species at the electrolyte/CE interface. The ZnO 
nanostructures were investigated since it would explain different adsorption 
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mechanisms in cones and rods leading to answers for higher JSC values in the nanocone 
substrates.  
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Figure D2: I-V plots for the DSCs with single layer coating of ZnO films. 
The ZnO nanocones had a large percentage of exposed (101̅1) facets. These facets 
could either be Zn-terminated or O-terminated. The ZnO nanorods were Zn-
terminated leaving Zn2+ exposed for the dye molecules to interact with and form Zn2+-
dye complexes. These complexes reduce the number of active dye molecules in the 
nanorod system. The growth direction of a single ZnO nanocones on the other hand 
revealed that the structure consisted of six O-terminated (101̅1) facets and one O-
terminated (0001̅) facet [205]. These O-terminated facets prevent the formation of 
Zn2+-dye complexes which gives the cone structure a pronounced advantage over the 
nanorods. Thus, in case of the nanocones, the photoanodes have proven to have 
higher conversion of photons to electrons. In other words, ZnO nanocones have a 
higher percentage of “effective dyes” that contribute to photocurrent generation in 
the device.  
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Figure D3: Energy levels of EF and Eredox showing the maximum photovoltage 
generation for nanocones (Vmax_nc) and nanorods (Vmax_nr) for DSC with organic dyes. 
In the case of all three dyes in this study, the photovoltages achieved with the ZnO 
nanocone-based DSCs were noticeably higher than those with the nanorods. The 
bandgaps determined from UV-visible for ZnO nanocones and nanorods were 3.21 eV 
and 3.15 eV, respectively [205]. The valence band position of the ZnO nanostructures 
was found to be around +3.08 V (vs. NHE). Thus, the conduction band position for the 
nanocones is slightly higher (more negative) in the energy scale compared to that of 
the nanorods. The second factor that affects the photovoltage arises from the fact that 
higher dye loading would result a higher content of carboxylic (-COOH) group in the 
nanorods films compared to nanocones. The energy band positions for a 
semiconductor have been reported to move downward towards more positive values 
in the energy scale under acidic conditions [47, 208]. Thus, the downward 
displacement of the energy bands would be slightly more pronounced in case of 
nanorod films sensitised loaded with organic dyes due to the higher concentration of 
carboxylic groups creating a stronger acidic conditions. Thus, the higher conduction 
band of nanocones along with lower energy band displacements in nanorods created a 
favourable band alignment for higher photovoltages in case of nanocone films. This is 
illustrated in Fig. D3.  
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The Fermi level (EF) pinning in both these nanostructures depends on the electron 
density in the ZnO films. The photovoltage decay plots for C218-sensitised solar cells 
with ZnO nanocones and nanorods are shown in Fig. D4a. Effective electron lifetimes 
for the devices were calculated from Eq. 4.2 [47].  
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Figure D4: (a) Photovoltage decay and (b) electron lifetimes of ZnO-based C218-
sensitised cells. 
Fig. D4b shows the electron lifetime plots for ZnO nanocones and nanorod based 
C218-sensitised cells. The electron lifetimes for the nanocone-based films were higher 
compared to the nanorods for the same photovoltage resulting higher electron 
densities in the nanocones. This pins the Fermi level for nanocones, EF_nc closer to its 
conduction band as illustrated in Fig. D3. The lower electron densities in the ZnO 
nanorods would result in a comparatively larger distance between the conduction 
band and the Fermi level of ZnO nanorods, EF_nr. Thus, the higher photovoltages 
observed for nanocones-based devices were attributed to the higher electron 
lifetimes. 
D.7 Optimising the ZnO WE 
Two further optimisations on the ZnO WEs were carried out based on previous work in 
Chapter 3 (Sections 3.5.3 and 3.6.2) to improve DSC efficiency. The first optimisation 
involved increasing thickness of the ZnO films by doctor blading an additional layer. 
Previous experiments on TiO2-based QDSCs (Section 3.5.3) have shown that thicker 
TiO2 films (10 – 12 µm) contribute to the improvement of efficiency through 
photocurrent enhancement provided that the film thickness is less than the diffusion 
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length of electrons. The I-V performance for the DSCs with double layer coated ZnO 
films are shown in Table D5 and the corresponding plots in Fig. D5. 
Table D5: I-V performance data for DSCs with double layer coating of ZnO films. 
Dye ZnO  
structure 
η  
(%) 
VOC 
(V) 
JSC  
(mA/cm2) 
FF 
C218 cone 4.36 0.639 15.03 0.45 
rod 1.45 0.462 6.8 0.46 
D205 cone 0.53 0.511 1.72 0.6 
rod 0.17 0.325 1 0.52 
N719 cone 3.84 0.647 11.65 0.5 
rod 1.73 0.505 6.93 0.49 
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Figure D5: I-V plots for the DSCs with double layer coating of ZnO films. 
Increasing the thickness of the films enhanced the efficiencies for C218 and N719-
sensitised solar cells. For these two dyes, the photocurrent densities for the double 
layer coated ZnO films increased by a factor of around 1.5 for nanorods and by 1.7 for 
the nanocones compared to the single layered ZnO films. However, an opposite trend 
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was observed for D205-sensitised solar cells where the efficiency was almost half of 
those with single layer of ZnO films. This lower performance of D205-sensitised cells is 
mainly due to the reduction in JSC and partially due to the slight drop in photovoltage. 
This suggests the thickness of the ZnO films were likely to be more than the electron 
diffusion length for the D205-sensitised solar cells.  
Table D6: I-V performance for C218-sensitised cells with varying thicknesses of ZnO 
nanocone films. 
ZnO nanocone 
coating layers 
ZnO compact 
layer 
η  
(%) 
VOC 
(V) 
JSC  
(mA/cm2) 
FF 
1 No 2.63 0.585 8.81 0.51 
2 No 4.36 0.639 15.03 0.45 
2 Yes 5.07 0.621 17.2 0.47 
3 Yes 4.64 0.624 14.9 0.49 
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Figure D6: I-V plots for C218-sensitised cells with varying ZnO layer thickness. 
A blocking ZnO compact layer was introduced between the FTO and porous ZnO 
nanocone films to prevent electron recombination from the exposed TCO underneath 
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the porous ZnO film to the electrolyte. C218-sensitised cells were chosen for this 
experiment since the highest efficiency was achieved using C218 dye. The solar cell 
efficiency increased beyond 5% after the inclusion of a ZnO blocking layer (Table D6). 
The photocurrent densities for the devices increased from 15 mAcm-2 to 17.2 mAcm-2 
with the inclusion of the ZnO compact layer. However, the VOC of the device did not 
show any noticeable changes. The role of the ZnO blocking layer proved to be 
beneficial but had impact an on JSC rather than VOC which was observed in the case of 
TiO2-based QDSC. 
The thickness of the ZnO films was further increased by doctor blading a third ZnO 
layer and C218-sensitised solar cells were fabricated to check the device performance 
for thicker films. The gradual improvements of I-V characteristics for the C218-
sensitised solar cells are shown in Table D6 and corresponding plots in Fig. D6. The 
efficiency of the C218-sensitised cells decreased from 5.07% to 4.64% with thicker ZnO 
films and JSC reduced to 14.9 mAcm-2. The VOC and FF values for the solar cells were 
almost unchanged. This indicated the two layers coated ZnO films to be the optimum 
thickness for maximum efficiency and JSC.  
D.8 Scientific contributions 
The ZnO nanorods having dominant (101̅0) facets have previously been used in ZnO-
based DSCs. However, solar cells with ZnO nanocone particle network having high 
index (101̅1) facets have not been reported. The viability of these two ZnO 
nanostructures (nanocones and nanorods) were assessed initially by using dyes since 
DSC architecture and performance could be used to serve as a point of reference for 
future ZnO-based QDSC performance. Two organic dyes (C218, D205) and a Ru-based 
N719 dye were studied for device performance comparison using ZnO films having 
nanocone and nanorod structures. C218, D205 and N719-sensitised solar cells with 
4.36%, 1.04% and 3.84% efficiencies were achieved using ZnO nanocones in this study. 
The DSCs with nanocone structure performed significantly better than with the 
nanorods owing to higher VOC and JSC values. Despite higher loading of the organic dyes 
in ZnO nanorods films, the nanocone films produced higher photocurrents. The 
dominant (101̅0) facets in nanorod structure were Zn-terminated making it possible for 
the dye molecules to form Zn2+-dye complexes. In case of the nanocones, the 
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dominant (101̅1) facets were however found to be O-terminated which prevented the 
formation of such Zn2+-dye complexes allowing a higher percentage of the loaded dyes 
to contribute to photocurrent generation. The VOC values for the nanocone-based DSCs 
were noticeably higher (~0.15 V) than those with nanorods. A closer pinning of the 
Fermi level to the conduction band in nanocones compared to nanorods and the lower 
conduction band displacement in nanorod films due to higher carboxylic groups 
resulting from higher dye loading was attributed to the better VOC of the nanocone-
based DSCs. The electron lifetimes in nanocones were also found to be larger than in 
nanorods which had contributed to the higher VOC. By including a blocking ZnO layer in 
the working electrode, the C218 sensitised solar cell efficiency was enhanced to 5.07% 
(VOC = 0.621 V, JSC = 17.2 mAcm-2 and FF = 0.47). Based on the findings from this 
research, nanocones structures are proposed for fabricating ZnO-based DSCs for 
further research. 
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Interfacial Transfer of Electrons in Dye-Sensitized Solar Cells Utilizing a 
Co(dbbip)2 Redox Shuttle," J. Phys. Chem. C, vol. 114, pp. 14300-14306, 08/03/ 
2010. 
[107] H. CHOI, Y. JUNG, and S. KIM, "Size effects in the Raman spectra of TiO2 
nanoparticles," Vibrational Spectroscopy, vol. 37, pp. 33-38, 01// 2005. 
[108] M. ABDULKHADAR and B. THOMAS, "Study of raman spectra of nanoparticles of 
CdS and ZnS," Nanostructured Materials, vol. 5, pp. 289-298, 03// 1995. 
189 
 
[109] A. BALANDIN, K. L. WANG, N. KOUKLIN, and S. BANDYOPADHYAY, "Raman spectroscopy 
of electrochemically self-assembled CdS quantum dots," Applied Physics 
Letters, vol. 76, pp. 137-139, // 2000. 
[110] H. RICHTER, Z. P. WANG, and L. LEY, "The one phonon Raman spectrum in 
microcrystalline silicon," Solid State Communications, vol. 39, pp. 625-629, 
08// 1981. 
[111] R. J. BANDARANAYAKE, G. W. WEN, J. Y. LIN, H. X. JIANG, and C. M. SORENSEN, 
"Structural phase behavior in II-VI semiconductor nanoparticles," Applied 
Physics Letters, vol. 67, pp. 831-833, 08// 1995. 
[112] S. V. GAPONENKO, Optical Properties of Semiconductor Nanocrystals: Cambridge 
University Press, 2005. 
[113] J. FRIEL, X-Ray and Image Analysis in Electron Microscopy: Princeton Gamma-
Tech, 1995. 
[114] E. RABINOVICH and G. HODES, "Effective Bandgap Lowering of CdS Deposited by 
Successive Ionic Layer Adsorption and Reaction," The Journal of Physical 
Chemistry C, vol. 117, pp. 1611-1620, 01/03/ 2013. 
[115] R. J. TRAILL and R. W. BOYLE, "Hawleyite, isometric cadmium sulphide, a new 
mineral," Journal of the Minerological Society of America, vol. 40, pp. 555-559, 
07// 1955. 
[116] N. A. RAZIK, "Use of a standard reference material for precise lattice parameter 
determination of materials of hexagonal crystal structure," Journal of 
Materials Science Letters, vol. 6, pp. 1443-1444, // 1987. 
[117] J. GENG, X.-D. JIA, and J.-J. ZHU, "Sonochemical selective synthesis of ZnO/CdS 
core/shell nanostructures and their optical properties," CrystEngComm, vol. 
13, pp. 193-198, // 2011. 
[118] S. MISHRA, R. SRIVASTAVA, S. PRAKASH, R. YADAV, and A. PANDAY, "Structural, 
photoconductivity and photoluminescence characterization of cadmium 
sulfide quantum dots prepared by a co-precipitation method," Electronic 
Materials Letters, vol. 7, pp. 31-38, 03/01/ 2011. 
[119] H.-H. PERKAMPUS, Encyclopedia of Spectroscopy: Wiley-VCH, 1995. 
[120] J. Wade, "AN INVESTIGATION OF TIO2-ZNFE2O4 NANOCOMPOSITES FOR VISIBLE LIGHT PHOTO 
CATALYSIS," Electrical Engineering, 2005. 
190 
 
[121] P. SANT and P. KAMAT, "Interparticle electron transfer between size-quantized 
CdS and TiO2 semiconductor nanoclusters," Phys. Chem. Chem. Phys., vol. 4, 
pp. 198-203, // 2002. 
[122] K. R. GOPIDAS, M. BOHORQUEZ, and P. KAMAT, "Photophysical and photochemical 
aspects of coupled semiconductors: charge-transfer processes in colloidal 
cadmium sulfide-titania and cadmium sulfide-silver(I) iodide systems," J. Phys. 
Chem., vol. 94, pp. 6435-6440, 08/01/ 1990. 
[123] V. GURIN and M. ARTEMYEV, "CdS quantum dots in colloids and polymer 
matrices: electronic structure and photochemical properties," Journal of 
Crystal Growth, vol. 138, pp. 993-997, 04/02/ 1994. 
[124] M. CORREA-DUARTE, M. GIERSIG, and L. LIZ-MARZÁN, "Stabilization of CdS 
semiconductor nanoparticles against photodegradation by a silica coating 
procedure," Chemical Physics Letters, vol. 286, pp. 497-501, 04/17/ 1998. 
[125] A. ZYOUD, N. ZAATAR, I. SAADEDDIN, C. ALI, D. PARK, G. CAMPET, et al., "CdS-sensitized 
TiO2 in phenazopyridine photo-degradation: Catalyst efficiency, stability and 
feasibility assessment," Journal of Hazardous Materials, vol. 173, pp. 318-325, 
01/15/ 2010. 
[126] A. HENGLEIN, "Photo-Degradation and Fluorescence of Colloidal-Cadmium 
Sulfide in Aqueous Solution," Berichte der Bunsengesellschaft für physikalische 
Chemie, vol. 86, pp. 301-305, 01/13/ 1982. 
[127] D. MEISSNER, R. MEMMING, L. SHUBEN, S. YESODHARAN, and M. GRÄTZEL, 
"Photocorrosion by Oxygen Uptake in Aqueous Cadmium Sulphide 
Suspensions," Berichte der Bunsengesellschaft für physikalische Chemie, vol. 
89, pp. 121-124, 02// 1985. 
[128] R. AHMED, G. WILL, J. BELL, and H. WANG, "Size-dependent photodegradation of 
CdS particles deposited onto TiO2 mesoporous films by SILAR method," 
Journal of Nanoparticle Research, vol. 14, 08/31/ 2012. 
[129] J. W. MARTIN, "X-ray probes for surface analysis," in The Local Chemical Analysis 
of Materials, ed: Elsevier Science, 2003, pp. 21-38. 
[130] D. M. POIRIER and J. H. WEAVER, "CdS by XPS," Surface Science Spectra, vol. 2, p. 
249, 07// 1993. 
191 
 
[131] E. AGOSTINELLI, C. BATTISTONI, D. FIORANI, G. MATTOGNO, and M. NOGUES, "An XPS 
study of the electronic structure of the ZnxCd1−xCr2 (X = S, Se) spinel system," 
Journal of Physics and Chemistry of Solids, vol. 50, pp. 269-272, 01// 1989. 
[132] J. RIGA, J. J. VERBIST, P. JOSSEAUX, and A. KIRSCH-DE MESMAEKER, "Correlation 
between CdS photoanodic behaviour and electrode chemical modifications: 
An X-ray photoelectron spectroscopic study," Surf. Interface Anal., vol. 7, pp. 
163-168, 08/01/ 1985. 
[133] D. HINES, M. BECKER, and P. KAMAT, "Photoinduced Surface Oxidation and Its 
Effect on the Exciton Dynamics of CdSe Quantum Dots," J. Phys. Chem. C, vol. 
116, pp. 13452-13457, 05/25/ 2012. 
[134] Q. SHEN, J. KOBAYASHI, L. DIGUNA, and T. TOYODA, "Effect of ZnS coating on the 
photovoltaic properties of CdSe quantum dot-sensitized solar cells," Journal of 
Applied Physics, vol. 103, p. 084304, 04/21/ 2008. 
[135] Y. F. NICOLAU and J. C. MENARD, "Solution growth of ZnS, CdS and Zn1-xCdxS thin 
films by the successive ionic-layer adsorption and reaction process; growth 
mechanism," Journal of Crystal Growth, vol. 92, pp. 128-142, 10// 1988. 
[136] Q. XIONG, J. WANG, O. REESE, L. C. LEW YAN VOON, and P. C. EKLUND, "Raman 
Scattering from Surface Phonons in Rectangular Cross-sectional w-ZnS 
Nanowires," Nano Lett., vol. 4, pp. 1991-1996, 09/22/ 2004. 
[137] V. M. DZHAGAN, Y. VALAKH, A. E. RAEVSKAYA, A. L. STROYUK, Y. KUCHMIY, and D. R. T. 
ZAHN, "Resonant Raman scattering study of CdSe nanocrystals passivated with 
CdS and ZnS," Nanotechnology, vol. 18, p. 285701, 07/18/ 2007. 
[138] D. KLAYMAN and GRIFFIN, "Reaction of selenium with sodium borohydride in 
protic solvents. A Facile Method for the introduction of selenium into organic 
molecules," J. Am. Chem. Soc., vol. 95, pp. 197-199, 01/01/ 1973. 
[139] H. SOWA, "The high-pressure behaviour of CdSe up to 3 GPa and the 
orientation relations between its wurtzite- and NaCl-type modifications," 
Solid State Sciences, vol. 7, pp. 1384-1389, 11// 2005. 
[140] G. H. OLSEN, "Interfacial lattice mismatch effects in III–V compounds," Journal 
of Crystal Growth, vol. 31, pp. 223-239, 12// 1975. 
192 
 
[141] Y. W. CHOI, C. R. WIE, and S. M. VERNON, "Lattice Mismatch Effects in 
GaAsP/GaAs and GaAs/GaAsP/GaAs Heterostructures," MRS Online 
Proceedings Library, vol. 160, 01// 1989. 
[142] V. M. DZHAGAN, Y. VALAKH, A. E. RAEVSKAYA, A. L. STROYUK, Y. KUCHMIY, and D. R. T. 
ZAHN, "Size effects on Raman spectra of small CdSe nanoparticles in polymer 
films," Nanotechnology, vol. 19, p. 305707, 07/30/ 2008. 
[143] H. RHO, H. JACKSON, S. LEE, M. DOBROWOLSKA, and J. K. FURDYNA, "Raman scattering 
from CdSe/ZnSe self-assembled quantum dot structures," Physical Review B, 
vol. 61, pp. 15641-15644, Jun// 2000. 
[144] S. VENKATACHALAM, H. NANJO, K. KAWASAKI, H. HAYASHI, T. EBINA, and D. MANGALARAJ, 
"Optoelectronic Properties of ZnSe, ITO, TiO2 and ZnO Thin Films," in 
Optoelectronics - Materials and Techniques, P. Predeep, Ed., ed: In-Tech, 2011, 
pp. 165-184. 
[145] G.-G. LINDNER, K. HOFFMANN, K. WITKE, D. REINEN, C. HEINEMANN, and W. KOCH, 
"Spectroscopic Properties of Se22− and Se2− in Cancrinite," Journal of Solid 
State Chemistry, vol. 126, pp. 50-54, 10// 1996. 
[146] T. OTA, K. MAEHASHI, H. NAKASHIMA, K. OTO, and K. MURASE, "Photodegradation of 
CdSe Quantum Dots Studied by Micro-Photoluminescence Spectroscopy," 
phys. stat. sol. (b), vol. 224, pp. 169-172, 03/01/ 2001. 
[147] K. TVRDY and P. KAMAT, "Substrate Driven Photochemistry of CdSe Quantum 
Dot Films: Charge Injection and Irreversible Transformations on Oxide 
Surfaces†," J. Phys. Chem. A, vol. 113, pp. 3765-3772, 01/16/ 2009. 
[148] R. BOYLESTAD, "Introductory Circuit Analysis," ed: Prentice Hall, 2010. 
[149] N. KOIDE and L. HAN, "Measuring methods of cell performance of dye-sensitized 
solar cells," Review of Scientific Instruments, vol. 75, pp. 2828-2831, // 2004. 
[150] J. BURSCHKA, N. PELLET, S.-J. MOON, R. HUMPHRY-BAKER, P. GAO, M. NAZEERUDDIN, et 
al., "Sequential deposition as a route to high-performance perovskite-
sensitized solar cells," Nature, vol. 499, pp. 316-319, 07/10/ 2013. 
[151] H. WANG, M. LIU, C. YAN, and J. BELL, "Reduced electron recombination of dye-
sensitized solar cells based on TiO2 spheres consisting of ultrathin nanosheets 
with [001] facet exposed," Beilstein Journal of Nanotechnology, vol. 3, pp. 378-
387, 05/07/ 2012. 
193 
 
[152] P. SANTRA and P. KAMAT, "Mn-Doped Quantum Dot Sensitized Solar Cells: A 
Strategy to Boost Efficiency over 5%," J. Am. Chem. Soc., vol. 134, pp. 2508-
2511, 01/23/ 2012. 
[153] Y.-L. LEE and C.-H. CHANG, "Efficient polysulfide electrolyte for CdS quantum 
dot-sensitized solar cells," Journal of Power Sources, vol. 185, pp. 584-588, // 
2008. 
[154] A. OFIR, TH, S. TIROSH, L. GRINIS, and A. ZABAN, "Influence of sintering 
temperature, pressing, and conformal coatings on electron diffusion in 
electrophoretically deposited porous TiO2," Journal of Applied Physics, vol. 
100, p. 074317, 10/11/ 2006. 
[155] Y. K. JUN and H. B. IM, "Effects of Thickness and Sintering Conditions of CdS 
Films on the Photovoltaic Properties of CdS / CdTe Solar Cells," Journal of The 
Electrochemical Society, vol. 135, pp. 1658-1661, 07/01/ 1988. 
[156] D. DEMIRSKYI, D. AGRAWAL, and A. RAGULYA, "Neck formation between copper 
spherical particles under single-mode and multimode microwave sintering," 
Materials Science and Engineering: A, vol. 527, pp. 2142-2145, 03/24/ 2010. 
[157] X.-Y. YU, J.-Y. LIAO, K.-Q. QIU, D.-B. KUANG, and C.-Y. SU, "Dynamic Study of Highly 
Efficient CdS/CdSe Quantum Dot-Sensitized Solar Cells Fabricated by 
Electrodeposition," ACS Nano, 10/28/ 2011. 
[158] P. CAMERON and L. PETER, "Characterization of Titanium Dioxide Blocking Layers 
in Dye-Sensitized Nanocrystalline Solar Cells," J. Phys. Chem. B, vol. 107, pp. 
14394-14400, 12/01/ 2003. 
[159] S. LICHT and J. MANASSEN, "The Effect of Hydroxide Ion on Cd‐
Chalcogenide/Aqueous Polysulfide Photoelectrochemical Cells," Journal of 
The Electrochemical Society, vol. 132, pp. 1076-1081, 05/01/ 1985. 
[160] P. LESSNER, F. MCLARNON, J. WINNICK, and E. CAIRNS, "The Dependence of Aqueous 
Sulfur‐Polysulfide Redox Potential on Electrolyte Composition and 
Temperature," Journal of The Electrochemical Society, vol. 140, pp. 1847-1849, 
07/01/ 1993. 
[161] P. ALLONGUE, H. CACHET, M. FROMENT, and R. TENNE, "On the kinetics of charge 
transfer between an illuminated CdSe electrode and polysulphide 
194 
 
electrolyte," Journal of Electroanalytical Chemistry and Interfacial 
Electrochemistry, vol. 269, pp. 295-304, 09// 1989. 
[162] V. JOVANOVSKI, V. GONZALEZ-PEDRO, S. GIMENEZ, E. AZACETA, G. CABENARO, H. GRANDE, 
et al., "A Sulfide/Polysulfide-Based Ionic Liquid Electrolyte for Quantum Dot-
Sensitized Solar Cells," Journal of American Chemical Soceity, vol. 133, pp. 
20156-20159, 11/22/ 2011. 
[163] N. MANAN, L. ALDOUS, Y. ALIAS, P. MURRAY, L. YELLOWLEES, C. LAGUNAS, et al., 
"Electrochemistry of Sulfur and Polysulfides in Ionic Liquids," J. Phys. Chem. B, 
vol. 115, pp. 13873-13879, 10/12/ 2011. 
[164] C. BARBÉ, F. ARENDSE, P. COMTE, M. JIROUSEK, F. LENZMANN, V. SHKLOVER, et al., 
"Nanocrystalline Titanium Oxide Electrodes for Photovoltaic Applications," 
Journal of the American Ceramic Society, vol. 80, pp. 3157-3171, 12/01/ 1997. 
[165] N. FUKE, R. KATOH, A. ISLAM, M. KASUYA, A. FURUBE, A. FUKUI, et al., "Influence of 
TiCl4 treatment on back contact dye-sensitized solar cells sensitized with black 
dye," Energy Environ. Sci., vol. 2, pp. 1205-1209, // 2009. 
[166] N. G. PARK, G. SCHLICHTHÖRL, J. VAN DE LAGEMAAT, H. M. CHEONG, A. MASCARENHAS, 
and A. J. FRANK, "Dye-Sensitized TiO2 Solar Cells:  Structural and 
Photoelectrochemical Characterization of Nanocrystalline Electrodes Formed 
from the Hydrolysis of TiCl4," The Journal of Physical Chemistry B, vol. 103, pp. 
3308-3314, 04/01/ 1999. 
[167] S.-W. LEE, K.-S. AHN, K. ZHU, N. NEALE, and A. FRANK, "Effects of TiCl4 Treatment of 
Nanoporous TiO2 Films on Morphology, Light Harvesting, and Charge-Carrier 
Dynamics in Dye-Sensitized Solar Cells," The Journal of Physical Chemistry C, 
10/02/ 2012. 
[168] Z. LONG-YUE, D. SONG-YUAN, W. KONG-JIA, P. XU, S. CHENG-WU, and G. LI, 
"Mechanism of Enhanced Performance of Dye-Sensitized Solar Cell Based TiO2 
Films Treated by Titanium Tetrachloride," Chinese Physics Letters, vol. 21, p. 
1835, 09/01/ 2004. 
[169] P. M. SOMMELING, B. C. O'REGAN, R. R. HASWELL, H. J. P. SMIT, N. J. BAKKER, J. J. T. 
SMITS, et al., "Influence of a TiCl4 Post-Treatment on Nanocrystalline TiO2 
Films in Dye-Sensitized Solar Cells," The Journal of Physical Chemistry B, vol. 
110, pp. 19191-19197, 09/08/ 2006. 
195 
 
[170] J. KIM, H. CHOI, C. NAHM, J. MOON, C. KIM, S. NAM, et al., "The effect of a blocking 
layer on the photovoltaic performance in CdS quantum-dot-sensitized solar 
cells," Journal of Power Sources, vol. 196, pp. 10526-10531, 12// 2011. 
[171] R. AHMED, J. BELL, and H. WANG, "Effects of TiCl4 treatment on the performance 
of CdSe/CdS-sensitised solar cells," 2013, pp. 87930Z-87930Z-6. 
[172] P. KAMAT, "Boosting the Efficiency of Quantum Dot Sensitized Solar Cells 
through Modulation of Interfacial Charge Transfer," Accounts of Chemical 
Research, 04/11/ 2012. 
[173] S. WRIGHTON MARK, B. ELLIS ARTHUR, and W. KAISER STEVEN, "Conversion of Visible 
Light to Electrical Energy: Stable Cadmium Selenide Photoelectrodes in 
Aqueous Electrolytes," Solid State Chemistry of Energy Conversion and Storage, 
vol. 163, pp. 71-92, 06/01/ 1977. 
[174] R. TENNE, N. MÜLLER, Y. MIROVSKY, and D. LANDO, "The Relation Between 
Performance and Stability of Cd‐Chalcogenide/Polysulfide 
Photoelectrochemical Cells," Journal of The Electrochemical Society, vol. 130, 
pp. 852-860, 04/01/ 1983. 
[175] N. ZEUG, J. BUECHELER, and H. KISCH, "Catalytic formation of hydrogen and 
carbon-carbon bonds on illuminated zinc sulfide generated from zinc 
dithiolenes," Journal of the American Chemical Society, vol. 107, pp. 1459-
1465, 03/01/ 1985. 
[176] Y. S. PARK and F. L. CHAN, "Photoconductivity Spectral Response and Lattice 
Parameters of Hexagonal ZnSe," Journal of Applied Physics, vol. 36, pp. 800-
801, // 1965. 
[177] A. HUI-ZHI, Z. QING, and D. WEI-MIN, "Raman spectra of ZnSe nanoparticles 
synthesized by thermal evaporation method," Chinese Physics, vol. 13, p. 
1753, 10/01/ 2004. 
[178] L. ZHAO, P. WAGNER, A. ELLIOTT, M. GRIFFITH, T. CLARKE, K. GORDON, et al., "Enhanced 
performance of dye-sensitized solar cells using carbazole-substituted di-
chromophoric porphyrin dyes," J. Mater. Chem. A, vol. 2, pp. 16963-16977, // 
2014. 
[179] P. BARNES, A. ANDERSON, S. KOOPS, J. DURRANT, and B. O’REGAN, "Electron Injection 
Efficiency and Diffusion Length in Dye-Sensitized Solar Cells Derived from 
196 
 
Incident Photon Conversion Efficiency Measurements," J. Phys. Chem. C, vol. 
113, pp. 1126-1136, 12/23/ 2008. 
[180] U. SONI, A. PAL, S. SINGH, M. MITTAL, S. YADAV, R. ELANGOVAN, et al., "Simultaneous 
Type-I/Type-II Emission from CdSe/CdS/ZnSe Nano-Heterostructures," ACS 
Nano, 11/27/ 2013. 
[181] V. CHAKRAPANI, D. BAKER, and P. KAMAT, "Understanding the Role of the Sulfide 
Redox Couple (S2–/Sn2–) in Quantum Dot-Sensitized Solar Cells," Journal of the 
American Chemical Society, vol. 133, pp. 9607-9615, 05/13/ 2011. 
[182] M. POLAK, "X-ray photoelectron spectroscopic studies of CdSe0.65Te0.35," Journal 
of Electron Spectroscopy and Related Phenomena, vol. 28, pp. 171-176, 01// 
1982. 
[183] C. J. VESELY and D. W. LANGER, "Electronic Core Levels of the IIB−VIA 
Compounds," Physical Review B, vol. 4, pp. 451-462, // 1971. 
[184] L. S. DAKE, D. R. BAER, and J. M. ZACHARA, "Auger parameter measurements of 
zinc compounds relevant to zinc transport in the environment," Surface and 
Interface Analysis, vol. 14, pp. 71-75, // 1989. 
[185] I. SOROKINA, E. SOROKIN, A. DI LIETO, M. TONELLI, B. MAVRIN, and E. VINOGRADOV, "A 
new broadly tunable room-temperature continuous-wave Cr2+:ZnSxSe1-x 
laser," 2005, pp. MD1-262A. 
[186] V. ESCH, B. FLUEGEL, G. KHITROVA, H. GIBBS, X. JIAJIN, K. KANG, et al., "State filling, 
Coulomb, and trapping effects in the optical nonlinearity of CdTe quantum 
dots in glass," Physical Review B, vol. 42, pp. 7450-7453, 10// 1990. 
[187] J. B. SAMBUR, T. NOVET, and B. A. PARKINSON, "Multiple Exciton Collection in a 
Sensitized Photovoltaic System,"  vol. 330, ed, 2010, pp. 63-66. 
[188] K. MIETTUNEN, P. BARNES, X. LI, C. LAW, and B. O’REGAN, "The effect of electrolyte 
filling method on the performance of dye-sensitized solar cells," Journal of 
Electroanalytical Chemistry, vol. 677-680, pp. 41-49, 07// 2012. 
[189] D. HARRIS, Quantitative Chemical Analysis: W. H. Freeman, 2006. 
[190] K. KEIS, E. MAGNUSSON, H. LINDSTRÖM, S.-E. LINDQUIST, and A. HAGFELDT, "A 5% 
efficient photoelectrochemical solar cell based on nanostructured ZnO 
electrodes," Solar Energy Materials and Solar Cells, vol. 73, pp. 51-58, // 2002. 
197 
 
[191] Q. ZHANG, T. P. CHOU, B. RUSSO, S. A. JENEKHE, and G. CAO, "Aggregation of ZnO 
Nanocrystallites for High Conversion Efficiency in Dye-Sensitized Solar Cells," 
Angewandte Chemie, vol. 120, pp. 2436-2440, 03/14/ 2008. 
[192] R. MARCZAK, F. WERNER, R. AHMAD, V. LOBAZ, D. GULDI, and W. PEUKERT, "Detailed 
Investigations of ZnO Photoelectrodes Preparation for Dye Sensitized Solar 
Cells," Langmuir, vol. 27, pp. 3920-3929, 03/11/ 2011. 
[193] Y.-Z. ZHENG, J. ZHAO, H. ZHANG, J.-F. CHEN, W. ZHOU, and X. TAO, "Dual-functional 
ZnO nanorod aggregates as scattering layer in the photoanode for dye-
sensitized solar cells," Chem. Commun., vol. 47, pp. 11519-11521, // 2011. 
[194] C.-W. KUNG, H.-W. CHEN, C.-Y. LIN, Y.-H. LAI, R. VITTAL, and K.-C. HO, 
"Electrochemical synthesis of a double-layer film of ZnO 
nanosheets/nanoparticles and its application for dye-sensitized solar cells," 
Prog. Photovolt: Res. Appl., pp. 440-451, 09/01/ 2012. 
[195] D. I. SUH, S. Y. LEE, T. H. KIM, J. M. CHUN, E. K. SUH, O. B. YANG, et al., "The 
fabrication and characterization of dye-sensitized solar cells with a branched 
structure of ZnO nanowires," vol. 442, pp. 348-353, // 2007. 
[196] C.-Y. LIN, Y.-H. LAI, H.-W. CHEN, J.-G. CHEN, C.-W. KUNG, R. VITTAL, et al., "Highly 
efficient dye-sensitized solar cell with a ZnO nanosheet-based photoanode," 
Energy Environ. Sci., vol. 4, pp. 3448-3455, // 2011. 
[197] C. Y. JIANG, X. W. SUN, G. Q. LO, D. L. KWONG, and J. X. WANG, "Improved dye-
sensitized solar cells with a ZnO-nanoflower photoanode," Applied Physics 
Letters, vol. 90, p. 263501, 06/26/ 2007. 
[198] Y. GAO and M. NAGAI, "Morphology Evolution of ZnO Thin Films from Aqueous 
Solutions and Their Application to Solar Cells," Langmuir, vol. 22, pp. 3936-
3940, 03/14/ 2006. 
[199] M. LAW, L. GREENE, J. JOHNSON, R. SAYKALLY, and P. YANG, "Nanowire dye-sensitized 
solar cells," Nat Mater, vol. 4, pp. 455-459, 06/15/ 2005. 
[200] A. MARTINSON, J. ELAM, J. HUPP, and M. PELLIN, "ZnO Nanotube Based Dye-
Sensitized Solar Cells," Nano Lett., vol. 7, pp. 2183-2187, 06/29/ 2007. 
[201] M. WANG, Y. WANG, and J. LI, "ZnO nanowire arrays coating on TiO2 
nanoparticles as a composite photoanode for a high efficiency DSSC," Chem. 
Commun., vol. 47, pp. 11246-11248, // 2011. 
198 
 
[202] N. MEMARIAN, I. CONCINA, A. BRAGA, S. ROZATI, A. VOMIERO, and G. SBERVEGLIERI, 
"Hierarchically Assembled ZnO Nanocrystallites for High-Efficiency Dye-
Sensitized Solar Cells," Angew. Chem. Int. Ed., vol. 50, pp. 12321-12325, // 
2011. 
[203] J. YU, J. FAN, and K. LV, "Anatase TiO2 nanosheets with exposed (001) facets: 
improved photoelectric conversion efficiency in dye-sensitized solar cells," 
Nanoscale, vol. 2, pp. 2144-2149, // 2010. 
[204] X. WU, Z. CHEN, G. LU, and L. WANG, "Nanosized Anatase TiO2 Single Crystals 
with Tunable Exposed (001) Facets for Enhanced Energy Conversion Efficiency 
of Dye-Sensitized Solar Cells," Adv. Funct. Mater., vol. 21, pp. 4167-4172, 
11/08/ 2011. 
[205] J. CHANG, R. AHMED, H. WANG, H. LIU, R. LI, P. WANG, et al., "ZnO Nanocones with 
High-Index {101̅1} Facets for Enhanced Energy Conversion Efficiency of Dye-
Sensitized Solar Cells," J. Phys. Chem. C, vol. 117, pp. 13836-13844, 06/13/ 
2013. 
[206] T. CHOU, Q. ZHANG, and G. CAO, "Effects of Dye Loading Conditions on the 
Energy Conversion Efficiency of ZnO and TiO2 Dye-Sensitized Solar Cells," The 
Journal of Physical Chemistry C, vol. 111, pp. 18804-18811, 11/29/ 2007. 
[207] J. Chang, "CONTROLLED SYNTHESIS OF INORGANIC SEMICONDUCTOR NANOCRYSTALS AND THEIR 
APPLICATIONS," PhD, Chemistry, Physics and Mechanical Engineering, Queensland 
University of Technology, 2013. 
[208] R. NOUFI, P. KOHL, S. FRANK, and A. BARD, "Semiconductor Electrodes," Journal of 
The Electrochemical Society, vol. 125, pp. 246-252, 02/01/ 1978. 
 
 
 
 
 
 
199 
 
 
 
 
 
 
Intentionally left blank 
 
 
 
 
